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THE APPLICATION OF ELECTRIC POWER TO 

THE RUBBER INDUSTRY 


BY THE SUB-COMMITTEE OF THE INDUSTRIAL AND 
DOMESTIC POWER COMMITTEE ON THE RUBBER 

INDUSTRY* 


Introduction 

H istory shows that something was known of 
rubber to civilization as early as 1525. In 
1736 a French expedition of scientists, who 
were sent to South America for geographical research, 
sent back samples of rubber, and reported that it was 
obtained from a certain tree which the natives called 
hevea. Even at this early date they further reported 
that the natives were using this material to water¬ 
proof various articles of wearing apparel. This 
material was soon used in England for removing pencil 
marks, and hence has been termed rubber. 

About the beginning of the nineteenth century 
Samuel Peal and Charles Macintosh, both of England, 
in turn, proposed the use of rubber in solution for 
impregnating fabric. The former attempted to make 
air-cushioned beds, and the latter made waterproofed 
rain coats. The attempt of Macintosh in 1820 marks 
the first important step toward the application of 
rubber to the needs of civilization. 

It was not however until Charles Goodyear in i839 
made his almost accidental discovery of vulcaniza¬ 
tion, that rubber promised to become a material of a 
very important and far-reaching industry. The facts 
that the addition of sulphur to crude rubber, and as 

*WILLIAM E. DATE, Chairman, Cutler-Hammer Mfg. Co., New 
York, N. y. 

MARTIN BERTHOLD, Imperial Electric Oo., Akron, O. 

BYRON T. MOTTINGER. Quaker City Rubber Co„ PhiladelpWa, Pa. 
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later learned, adding sulphur with other compounding 
ingredients to rubber, and subjecting the mixture to 
heat, so that the mass became cured, making further 
changes of its physical properties practically unchange¬ 
able within reasonable ranges of temperature; and 
further that the compounding materials could be 
adapted, both in kind, and in amount, to produce a 
rubber of widely varying physical characteristics; all 
laid the foundation for an industry which today is 
manufacturing articles of universal use and applica¬ 
tion, and, according to Government statistics, stands 
at the head of the list of “Individual Large Users of 
Electric Power.” 

Crude Rubber is obtained from certain species of 
tropical and sub-tropical trees, shrubs, vines, and 
the roots of certain plants. In the case of trees and 
some vines it is coagulated from the milk-like fluid 
known as latex which exudes from cuts or sores in the 
bark, while rubber exists in some vines and most 
shrubs in a solid form incorporated with the woody 
fiber. In the case of the latter the rubber is obtained 
by complete maceration of the entire shrub by the 
means of suitable pulp grinding machinery assisted 
by the use of water, which carries off the pulp and bark 
while the rubber is reduced to an agglomerate mass, 

and passes out of a suitable opening provided in the 
machine. 

The various grades and brands of rubber are usually 
known by the name of the geographical locations in 
which they are obtained. This nomenclature is 
especially common among practical rubber men. It 
is now true that there is a tendency, especially among 
engineers and chemists, to speak of rubber according to 
a botanical or other scientific classification. The 
finest quality of rubber is obtained from South America, 
while grades of less value are obtained from Central 
America, and IVIexico, and some of the shrub variety 
from Texas. Large quantities of rubber with some very 
good grades are secured from the tropical, and sub¬ 
tropical regions of Africa, Asia and Australia. 

Milling and Washing of a thorough character of 
all grades of rubber are essential. At the plantations 
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it is either run through a sheeting mill, or through a 
creping mill, while in the case of those kinds shipped 
without receiving either of the above operations, it is 
thoroughly mechanically disintegrated in a washing 
mill at the various rubber factories. 

Summary of Committee Activity 

United States Government statistics show the 
rubber industry to be the largest individual user of 

electric power. ^ ^ 

How this large amount of electric power is applied, 

is the duty of this committee to show. We hope 
that our work may assist the engineer in electric 
power application problems, to render this large 
power more efficient, and thus help assist humanity 

in its efforts toward conservation. 

This committee has planned its work to include a 
number of divisions, each division being gub-divided, 
making it more easy to digest. 

Power Consumption 

1. Basic Machinery Applications. The power de¬ 
mands in this division are for electrical units of- re¬ 
latively large horse power and constant speed. These 
general milling operations embrace the following 

machines; 

a. Washers. 

b. Crackers. 

c. Mixers. 

d. Batch mixers. 

e. Safety stops. 

2 Intermediate Process Applications. The power 
demand in this division is met as a rule by special 
applications of moderate-size electrical units, adjust¬ 
able speed. 

Semi-Finishing Machines , 

Calenders and Calender Drives. 

a. Individual drives. 

b. Conveyers. 

c. Synchronous control of calenders, and ot 

calenders and conveyers. 

3. Finishing Process Applications. The power de¬ 
mand in this division is for electrical units of relatively 
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small capacity. Constant speed as a rule. Some 
machines require adjustable speed, continuous running. 
Others are intermittent, frequent “start” and “stop,” 
and some types must be equipped for frequent 
“reversals.” 

Finishing Machinery. 

a. Fabric bias cutter. 

b. Tire building machinery. 

c. Tubing machines. 

d. Insulating machines. 

e. Hose loom. 

f. Hose braiding machines. 

g. Hose wrapping machines. 

h. Hose stripping machines. 

i. Hose building machines. 

j. Rubber shoe machinery. 

k. Rubber glove machinery. 

l. Hard rubber machinery. 

m. Mechanical rubber goods machinery. 

4. Electric Heating Applications. Only a limited 
anaount of electric heating has been applied "o the 
rubber industry. Possible applications are being 
investigated. 

5. Contributory Problems and Applications. 

Power Supply. Transmission. 

a. Power and lighting switchboards. 

b. Transformation of alternating current to 
direct current for adjustable motor speed 
requirements. 

c. Air compressors. 

d. Hydraulic pumps. 

e. Elevators and hoists. 

f. Floor and street trucks. 

Power Economy 

A study of the subject in the abstract, should show 
the engineer where, by making a power application of 
a certain type in one division, he may lessen the 
losses in another division. 

A study should be made of each concrete problem, 
selecting units of relatively low initial torque but high 
all day efficiency where high initial torque is not 
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required; and selecting units of relatively high initial 
torque, and of a continuous load capacity suitable for 
the work, so that power efi&ciency can be increased. 
This conclusion is reached without overlooking the 
facts, that much of the rubber mill machinery is sub¬ 
ject to high peak loads, and that continuity of operation 
is of importance to production. 

It is not the intent of this paper to reflect in any 
manner against the progress that has been made, but 
to suggest that possibly greater care should be taken 
in selecting electrical equipment of the most suitable 
type and size for each application so that increased 
efficiency will obtain. 

Protection to Operatives 
Owing to the tenacious charactmstic of rubber in 
its plastic state, a hazard to the mill operators is at 
all times present. Hence the need of ^safety pro¬ 
tection is imperative. 

Conclusions 

a. Possibilities of electric power, 
b Application of 40-degree and 50-degree motors. 

c. ’ Steam vs. electrically heated drying ovens, 

(250 deg. fahr.) 

d. Steam vs. electric heat treatment of vegetable 

compounds. (250 deg. fahr.). 

BASIC OPERATIONS 

General Considerations 

Processes 

The general milling or basic operations obtain in 
every class of manufacture of rubber articles. 

It is in this general division that the crude rubber is 
treated, compounded and probably colored, to P^“ 
duce the mixture required for the specific need. The 
per cent of pure rubber in different articles is a large 
variable, being high in one class, _ and _low m 
another. In general milling operations, there are 
•many variables that affect the power requirement. 
'Examples: Source of supply of crude rubber. Work¬ 
ing temperature of rolls. Pressure on rolls. Grade 
of compound or mixture. 
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General milling operations include the ''washing/' 
"cracking/' "mixing," and finally "batch warming" 
ready for the calenders. 

Motor Selection 

Gearless Drive. The earlier type of motor drive 
involved a moderate-speed motor, geared to the mill 
shaft through spur gear reduction gears, the gear 
ratio employed, as a rule, being approximately 1 to 
6, to provide a mill-line shaft speed of approximately 
90 rev. per min. Of recent years, the herringbone gear 
became popular for-rubber mill machinery, with the 
result that a large proportion of installations made 
during the past few years have been equipped with 
herringbone gears. 

The prevalent tendency is an endeavor to eliminate 
the gear reduction, and connect the motor shaft 
directly to the mill-line shaft. This requires a very 
low-speed motor, and is impracticable with large size 
induction motors, either of the squirrel-cage-rotor, or 
of the wound-rotor type. The synchronous motor 
however is readily adaptable to this low speed and 
provides the advantages of high power factor, which is 
of large significance in view of the widely varying 
loads encountered in milling, in addition to the elimina¬ 
tion of costly, noisy gearing. The elimination of gear 
maintenance is a large factor. 

The first gearless installations made, of which this 
committee has record, are at the plant of the Eepublic 
Tire and Rubber Company, Youngstown, 0. These 
were installed many years ago, and the reports ob¬ 
tained by this committee indicate that the company 
feels after years of operation that its judgment was 
sound in their selection. 

The point we wish to bring out, however, is the 
possibilities of the gearless drive. This question settled 
it simply becomes a question then, of selecting the 
suitable modern type of low-speed motor. 

Voltage. The majority of milling operations re¬ 
quire motors of large capacity and of constant-speed 
characteristics. That these motors may advantage¬ 
ously be. of high voltage, direct from service lines^ 
eliminating step-down transformers with their ad. 
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ditional losses, is a factor worthy of consideration 

in power application. 4. 

Motor Size. In motor size selection two importa,nt 

factors for first consideration are: Torque capaci y 
to pull through the peak loads, and ^ mean erma 
capacity. High mean efficiency and high mean power 
factor are important, but are'secondary to the ability 
of the motor to do the required work within reasonable 

temperature limits. ^ 

Horse power rating is not important, ims t 
means simply that a motor will, when developing a 
defined rated torque (known as f'^UToad rated torqueb 
at a defined rate of speed (known as Ml-load rated 
speed), have a temperature rise not in excess of 

defined value. x* i. oc 

This may be amplified by time limitation, sue ^ 

30-minute rating; one-hour rating; two-hour rating, 

but it assumes a constant load. ^ _ 

In milling operations does this condition exist. 

The load, that obtains in milling operations, has a 
possible variation from a minimum_ of friction load, 
with all mills empty, up to_ a possible maximum o 

simultaneous loading of all mills on the line. 

With an individual drive (one mill only 
motor), both the minimum, and maximum condition 
will obtain. With two mills the same result is probable. 
With three mills to -a drive, it is probable at infrequen 
intervals. With increasing number of mills to a drive 
the probability of obtaining the possible maximum 
peak load decreases. With five mills the Probability is 
that the maximum load at any one time will 
per cent of the possible maximum. 
to a drive the probable maximum load will be 50 per 
cent of the possible maximum. The greater the 
number of mills to the line, the more closely is a con¬ 
stant-load condition approached. ^ t • oii 

This is not intended as a justification of placing all 

■ fni'lls in a plant on one mill line. The number of mil s, 
and sizes of mills to a mill line are governed by local 
conditions over which the electrical engineer has no 

control. 
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The purpose is to emphasize the conditions which 
confront us in motor size selection. 

We want to bring out clearly: f'-' 

1. That greater number of mills to the mill-line 
drive does not increase maximum torque requirement 
proportionately. 

2. That greater number of mills to the mill-line 
drive does eliminate to some extent the depth of the 
valleys in the load curve, and that the peak loads 

do not increase proportionately to the number of 
mills. 

The two important factors are: Torque and thermal 
capacity. 

a. Select a motor having a pull-out torque capacity 
in^ excess of the maximum torque requirements; 
this motor to have a thermal capacity sufficient to 
carry the mean load continuously without heating 
beyond prescribed temperature rise limit. 

b. This motor should have a high mean power factor 

carrying the mean load determined for the thermal 
capacity selection. 

motor should have a high mean efficiency, 

carrying the mean load determined for the thermal 
capacity selection. 

d. This motor should have good speed regulation 
characteristics when carrying the loads that obtain 
when' developing any torque, between 20 per cent of 

the maximum torque pull-out value, and maximum 
torque pull-out value. 

e. This motor should be mechanically con¬ 

structed so as to withstand the load shocks imposed by 
the frequent peak loads that obtain. (Caution should 
be exercised to obtain ample size of shaft, bearings 
and rotor structure). , 

_ A motor selected on this basis would not be over¬ 
size. Over-size motors increase investment, have a 
lower combined mean power factor efficiency, and are 
not justified for economical production. 

_ If motors have poor speed regulation characteris¬ 
tics, under the varying loads that obtain, productibn 
IS lessened. One example of motor selection on this 
basis can be cited, and there are probably many others 
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In 1915 an installation of 40 mixers was contem¬ 
plated for low-grade compound for one plant. The 
plan was to operate in groups of two, with a total of 
20 drives. One machinery manufacturer offered 100- 
h. p. motors. Another 75-h. p. The engineer, con¬ 
sidering the nature of the compound, was satisfied with 
neither. The order was placed for the mills, and the 
motor size selection withheld 30 days, during which 
time a continuous test was made with a graphic meter 
(24 hours per day, three shifts of workmen), on’the 
same size of mills and the same mixture of compound. 

The result, was the selection of motors nominally 
rated at 50 h. p. but which had ample pull-out 
torque capacity for the peak loads, and ample 
thermal capacity rating for the mean load. These 
motors have now been in successful operation for over 
three years, and over a considerable period of time 
were operated 24 hours per day. 

In 1919 eight similar drives were added. 

In another plant is a four-mill drive fitted with a 
400-h. p. nominal rating motor. A test with all 
mi lls operating showed a maximum load of 300 h. p. 
After several hours of test showing a load fluctuating 
between 50 h. p. and 300 h. p., an appeal was made to 
the superintendent to provide conditions that would 
give a maximum load condition. 

The superintendent had a special grade of stock 
trucked in for the test. He instructed all workmen 
to handle the work in a manner to provide the maxi¬ 
mum load possible, and the, highest load peak obtained 

was 405 h. p. 

These examples are not offered as a plea for small 
or under-size motors, but simply to emphasize against 
the waste of using over-size motors. 

Motor Controller.' The motor controller recom¬ 
mended by this committee for general milling work 
would comply with the following specifications: 

a. Controller to be of a totally enclosed type. 

b. Controller to be manually operated, from a lever 
or external mechanism. 

c. Controller to be fitted with inverse-time-limit 
overload protection. 
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d. Controller to be fitted with low-voltage pro¬ 
tection. 

e. Controller primary switching mechanism to be 
of a type suitable to the voltage of the system. For 
550 volts or less, air-break, fully enclosed, primary 
switching mechanism to be preferred. For 2200 volts 
or ^ higher, the switching mechanism of the primary 
switch to be oil-immersed. 

f. The resistor, if required, to be of cast metal grids, 
30-second duty rating, open structure, for mounting 
separate from the controller. 

g. The controller to be interlocked with the safety 

stop mechanism so that the motor cannot be started 

with any of the safety stop devices in the ^^safe'^ 
position. ' , 

Washers 


Crude Rubber to Pure Rubber 

Crude'rubber, whether wild, or plantation, is a 

irty bro^vD mass. It may be in the form of large 
balls, small balls, or rectangular chunks. In any 
event it is a conglomeration of dirty gum, sand, stones, 
and sticks. It may be “smoky,” or it may not be. 

It must not only be “washed,” but it must be 
aisintegrated, and the rubber particles separated from 
a foreign substance. When thoroughly washed, 
disintegrated and separated, the color of the resultant 
granule is that of rich cream. Thus, the change from 
crude rubber to pure rubber. The quality of the pure 
rubber is dependent largely on the geographical source 
of supply of the crude rubber. 

Continuation of the washing produces coagulation, 
and results in rough uneven crepe-like sheets, of about 
the size of a page of your daily newspaper. 

If the sheeting term is disregarded and the mind is 

placed on a granular substance, such as granulated 

sugar, the next phase of procedure will be more readily 

understood. We must now change the “granulated 
sugar” into “taffy.” 

The next operation causes coalescence. The granules 
are broken down, and fused, resulting in heavy sheets 

approximately % inch in thickness. 
Although water is not used in this phase of the pro- 
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cess, we class it with washing, in that the accounting 
systems of many plants use the same classification. 

The crude rubber is “accounted out” to the washer 
room as crude rubber, and is “accounted back” to the 
store room from the breaking-down mills, as the re¬ 
sultant product of these various procedures. 

Motor Selection 

Disintegration. This process involves machines, 
known as “washers” in some plants, and as “crackers 
in others. 

The rolls on these machines are fluted spirally. 
Both rolls are fluted in the same direction, but are 
rotated in opposite directions. The speed of one roll 
is higher than the other. The ratio of friction is 
unusually high, as a rule. This ratio is as high on 
many machines as 1 to The distance between 

the rolls may he ^ inch or greater. ' _ _ 

Analysis of this type of machine and the ma,tenal 
it must handle shows the following load characteristics, 
all of which obtain simultaneously, and all of which 

are in the nature of suddenly applied loads: 

a. A relatively short heavy chunk of cold crude 
rubber forced into the V between the rolls, until the 
rolls grip and wedge it through, causes a heavy sud¬ 
denly applied load, with resultant shock. 

b. The spirally fluted rolls, one of higher peripheral 
speed than the other, cause a combination of dragging 
in, wedging, crushing, cutting and tearing apart 
action producing a heavy, suddenly applied load, with 
resultant shock. 

c. The high ratio of friction, the peripheral speed of 
one roll so much greater than the other, is a large factor 
in itself toward producing a heavy, suddenly applied 

load with the-resultant shock. 

d. The wide separation between rolls is another 
large factor toward producing a heavy, suddenly 

applied load with resultant shock. 

All of the foregoing indicate that every characteristic 
produces heavy suddenly applied loads with resultant 
shock. Aside from the mechanical ability of the 
motor to meet high shock demands there must be 
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that ability in the motor to pull through the peak. 
There must be the required turning ability in the motor 
to absorb the resultant shocks. Turning capacity is the 
essential feature for peak loads. 

There is one redeeming feature to washer work. The 
peak loads are of short duration. The peak load ob¬ 
tains only when the heavy, cold chunks are passed 
through. The actual time of passing a chunk through 
the washer, assuming good speed regulation, would be 
from % of a second, to 1^ seconds. It is possible to 
have this condition repeated in rapid succession. This 
could result from feeding chunks to the washer in 
rapid succession. 

_ Nevertheless, the peaks are of short time duration and 
kinetic energy of rotation should be included in cal¬ 
culations determining motor size selection. 

The turning ability then can be the result of two 
factors. Inertia and torque. If the inertia is re¬ 
latively high, the torque may be proportionately de¬ 
creased, so that the sum of the two is of ample capacity 
to carry any reasonable peak load. 

It is fallacy to permit mill operators to force the 
mills to do unreasonable work, andit is not good practise 
to equip a mill or mill line with motors of a capacity 
largely in excess of that of the mechanical equipment. 
The mechanical equipment is designed to absorb all 
reasonable shocks. The motor capacity should be pro¬ 
portionate and the motor should have suitable protec¬ 
tive devices to protect it in event of attempted 
abuse by operators. When this protective device stops 
the mill line, there should be no attempt made to 
force the motor and mill line to do the unreasonable, 
that which it is not designed to do. The jammed 
material should be backed out of the mills or the pres¬ 
sure on the rolls released, thereby relieving the equip¬ 
ment of unreasonable abuse. 

If this cooperation obtains between the production 
department and the engineer there will be no tempta¬ 
tion to equip with motors largely in excess of reason¬ 
able requirements or in excess of the capacity of. the 
mechanical equipment. 

A suggestion that is not irrevelant at this stage. 
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would be the installation of a visible signal on each 
washer mill. This signal would indicate to the 
operator at any time that the reasonable load point had 
been attained. The operator on any one mill would 
know that the mill line was up to capacity. Each 
would know at once whether his individual mill were 
overworked; if not, he would feed with reason; if so, he 
would delay further feeding. Non-attention to the 
signal and further forcing and abuse would cause a 
shut-down on the mill line. 

With a signal system of this nature the motor size 
selection may be on a basis of reasonable peak load, 
with assurance that not only the motor but the entire 
mechanical equipment as well, will suffer little abuse. 

Then,—(1) With a true knowledge of the nature of 
the material to be washed, (2) With a true analysis 
of the characteristics of the machine, (3) With a thor¬ 
ough understanding of what is a reasonable peak load, 
the problem as far as turning capacity is concerned, 
simply becomes one of selecting that type of motor which 
is best suited to the plant conditions and to the me¬ 
chanical structure of the drives, that is, whether geared 
or gearless. 

Due consideration must be given to a washer line 
where a number of washers are involved. Also to a 
mi ll line that may incorporate sheeting and breaking- 
down rolls. 

The law of average will obtain on a mill line driving 
a number of washers, or a mill line driving a number of 
mills of different types. 

On washer mill lines the engineer may make a formula 
along the following lines, such to be based on tests in his 
own plant under the class of material conditions and 
the working conditions that obtain there. The formula 
here presented represents average plant conditions, as 
owing to the many variables it is impossible to offer a 
formula that is applicable to all. 

Assume one washer on a given stock, reasonable peak 
load to equal 100 per cent. 

LetN = number of washers 
K = a constant 
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TABLE OP CONSTANTS 
No. of Washers' K equals 

1 1.00 

2 1.00 

3 0.85 

4 0.82 

5 0.80 

6 0.72 

7 0.67 

8 ' 0.62 

The formula then would become 100 per cent 
XNXK = peak load capacity required for a given 
number of washers in per cent of the peak load capacity 
required by one mill. 

Assume a given size of washer requires a peak load 
capacity equal to 182 actual h.p., then four such mills 

basis indicate a peak load requirement 

014^2.96 n. p. 

The constants given here are average, and are con- 

data available. They 
Jould not be considered, however, as recommended 

working constants. Each problem should be studied 
from Its own or similar plant conditions. 

f=nlpH^ however to bear in mind, that cal¬ 

culations should be based on peak load capacity of the 

motor, and not on the nominal h.p. rating. This is 

as there is a wide difference between the maximum 

uction motor. It is also important as there is fre¬ 
quently an appreciable difference between the maxi¬ 
mum torque capacity of different induction motors of 
the same nominal h. p. rating “ 

The important point is the selection of a motor of 
sufficient turning capacity, when operating at its rated 

through those peak loa* thft have £ 

SS'wheu “> ‘to''*' ‘he op- 

orators when they have attained that peak load 4 ^;+ 

been determined as reasonable. ThW to stat^l 

hue down, should the peak assutneaniuMousXt- 

The following abridged list is given of some existing 
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installations which were selected at random, and not 
purposely to show the wide divergency in motor selec¬ 
tion that it is possible to show. They are included to 
emphasize the fact that a definite basis of selection 
cannot be given. At least not until all available data, 
and all data that it may be possible to secure, have 
been brought together under one head, thoroughly 
analyzed and tabulated, 

SOME TYPICAL WASHER INSTALLATIONS 

Face of Mill Nominal H. P. Nominal H. P. 

Rating of Motor Per Inch of Pace 



30 inch 

50 

1.66 


36 “ 

40 

1.1 

A— 

-48 “ 

250 

1.3 

4- 

-40 “ 

150 

0.94 

3- 

-60 and 1—36 i 

nch 250 

1.15 


Any engineer would be justified in remarking the 
apparent inconsistency, although all the mills may be 
consistently equipped. The table does not indicate 
diameter of rolls, nor grade of material. The data do 
not indicate the friction ratio, nor the distance between 
rolls. 

Can we have a rule, applying correctly, based on the 
length in inches of the face of the roll? Can we have 
a rule, applying correctly, based on the nominal 
h. p. rating of a motor? 

This committee believes that neither question can 
be answered in the affirmative. Such rules must be 
general or be so liberal that to equip with motors 
safely those mills that do the hardest work, all other 
drives will be inefficiently over-supplied with power.. 

The committee believes that such rules have not 
been followed in general, as data it has indicate some 
mills equipped with as low as 0.695 nominal rated 
h. p. per inch of roll face, and other similar mills with 
as high as 1.39 nominal rated h. p. per inch of roll 
face. 

The committee is confident that many engineers 
directly associated with the rubber industry have 
studied the basic problem and that they personally 
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were responsible for the correct motor equipment of 
their mill lines. 

All of the foregoing concentrate on that one phase 
of motor selection, that phase which determines the 
peak load capacity which must obtain in the motor. 
If this were the only issue then the problem would be 
solved by simply selecting a motor able to meet this 
demand. But following the process of disintegrating 
further shows clearly the other factors that must be 
considered. 

That portion of the initial operations which produces 
high peak loads, is a part of the initial operation load 
cycle. For that brief period while the '^chunk'' is 
passing through, the peak load obtains. During 
the remainder of the .cycle the machine is empty. The 
load valley is low. In the initial operation the load 
varies from a minimum of friction load only to the 
maximum peak load. The thermal capacity require¬ 
ment of the motor is correspondingly reduced. 

Following the disintegrating process further, we 
find that after the initial operation, of passing through 
the crude dirty chunks, the now partially dis¬ 
integrated material is passed through the mill a num¬ 
ber of times, this being continued until complete dis¬ 
integration has been accomplished. This portion 
of the process must be considered in conjunction with 
the initial portion of the process in order to determine 
the mean load value. 

The maximum peak load that obtains during the 
process following the initial process, is approximately 
50 per cent of the maximum peak load of the initial 
process, so if the motor has peak, load capacity to 
handle the initial process peak load we need have no 
further concern on peak load capacity. But this 
lower peak load that obtains after the initial process, 
is a factor in determining the mean load; in deter¬ 
mining the thermal capacity requirement of the 
motor; in determining the basis for efiiciency and 
power factor selection. 

An analysis of the actual conditions will show: 

1. Abnormally high peak loads, few in number 
and each of short-time period. 
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2. Abnormally light-load short-time periods. 

3. A mean load that does not exceed 30 per cent of 
the probable maximum peak load. 

(Note) Please bear in mind that this suggested 
analysis is to be on a basis of one washer room line 
and do not confuse it with the load factor of an entire 
plant. 

The committee considers this a problem. Is it 
possible to equip this disintegrating mill line with 
motors without sacrificing efficiency and power factor 
and at the same time maintain that large important 
factor of electric application, namely, flexibility of 
power application? 

It is reported that in tire mills, one horse power is 
required per tire per day. If this is correct, is it a 
high tax to place upon the output? If so, can it be 
decreased? 

The extreme flexibility of electric power application 
has been probably the largest factor in popularizing 
its use in the rubber industry. Has the flexibility 
been extended beyond a reasonable and efficient 
point? Have mill lines been split up into such a large 
number of units for production efficiency at a sacrifice 
of electrical efficiency, thatinsomeinstancesmaynotbe 
warranted? This committee does not imply in. any 
manner that such is true. It simply asks the question. 

The power requirement as indicated by reported 
connected load statistics is stupendous. It is so pro¬ 
digious, that we feel that only by close cooperation 
between the electrical engineer and the plant production 
department, weighing together the advantages and 
disadvantages of segregating here or grouping there, 
can electrical efficiencies obtain. This must be evident 

to all. . , . ■ ^ 

. Where a production efficiency is to be gamed at a 

sacrifice of power efficiency and where this anticipated 
gain in production efficiency would be less than the 
resultant losses in power, so that the net result would 
be a loss, the fact should be recognized and a com¬ 
promise made that will permit of production on a 
reasonably efficient basis, with the power application 
on a similarly efficient basis with a net result of gam. 
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Where a production efficiency is to be gained at a 
sacrifice of power efficiency, and where the anticipated 
gain in production efficiency would be in excess of the 
power losses, there will as a rule be no question of 
compromise involved. The net result would be gain, 
and it is obvious that the engineer would cooperate 
fully with the production department. 

In motor selection the foregoing should be determined 
definitely so that the engineer may know the operating- 
requirements of that specific department of that speci¬ 
fic plant. That point being determined he then has 
at least two possible factors that will help him to select 
motor equipment efficiently; these factors are as follows: 

1. The adaptability of a signal system to guard 
against abnormal peak loads. The adaptability of a 
protective device to stop the mills should the operator 
disregard the signal. 

2. The practicability of placing a number of wash¬ 
ers (disintegrating process mills) all on one line, and 
obtaining the benefit of the law of average, and also the 
practicability of driving those mills which are contri¬ 
butory to the washing process on the same mill line. 

The first t 3 q)e of contributory mill to consider would 
be the sheeting viilL The purpose of this mill is 
explained in the early part of this paper. This mill, 
as a rule, is fitted with one fluted roll and one smooth 
roll Disintegrated rubber is fed into the mill and 
the material worked to form the crepe-like sheets. 

That high peak loads comparable to the disinte¬ 
grating mill do not obtain, is readily appreciated. In 
fact the peak load requirements of the two classes 
of work, contrast strongly. The highest probable 
peak load on a sheeting mill is approximately one 
quarter of the probable peak load, on a washer mill 
used for disintegrating. The mean load on a sheeting 
mill approaches the probable peak requirement of 
this type of mill more closely than the mean load of a 
disintegrating mill approaches its probable peak re¬ 
quirement. On some installations the probable mean 
load of a sheeting mill may be as high as 60 per cent of 
the probable peak load requirement, 

A combination then, of the washers used for dis- 
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ntegrating and the washers used for sheeting would 
promote efficient motor equipment, due to the fact, 
that the probable combined peak load would be pro¬ 
portionately lessened, and the probable mean load 
would be proportionately increased. 

The next mill that could be considered as contribu¬ 
tory to the washing process, is the breaking-down mill. 
The propriety of advocating the possibility of group¬ 
ing this type of mill with the washer division may be 
questioned by many. It may be impracticable in 
some plants. This suggestion is made here in the hope 
that it may be helpful to some. Also in many 
plants the accounting schedule includes the breaking- 
down process as a function of the washing department. 

The breaking-down mill is practically identical to a 
''warmer'' mill, which will be described in a later 
section of this paper. The rolls on this mill are smooth, 
and heated. The crepe-like sheets are fed into this 
mill for the purpose of breaking down the granules, 
or the coagulated structure, and producing in its place 
a plastic, tenacious coalescent mass. 

A study of the work to be done indicates that: 

1. Peak loads are probable. 

2. That the manner in which the operator feeds the 
material into the mill will have a direct bearing on the 
degree of peak load that will occur. 

3. That the peak loads will be of appreciable time 
duration though gradually decreasing due to the fact, 
that as coalesence takes place, the mixture adheres to 
the rolls and some pressure is therefore always evident 
with this material between them; and also due to the 
frequent cutting off, and re-feeding by the operator. 

4. Although peak loads will and do obtain on any 
rubber mill, the operator by using a small amount of 
judgment in feeding and in re-feeding, and by starting 
the charge at one side of the mill, and permitting it 
to feed across the face of the roll, can, without sacri¬ 
ficing efficiency in ‘ production, control the value of 
the peak loads vfithin reasonable limits on breaking- 
down mills. 

The probable maximum peak load of the breaking- 
down mill is approximately 60 per cent of the probable 
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peak load of the initial process of the disintegrating 
mill, and the probable mean load on a breaking-down 
mill is approximately 44 per cent of the probable peak 
value. We now should be in position to condense our 
analysis as follows: 

a. Initial disintegrating. Severe and sudden shocks. 
High peak loads of short duration. Intervals of 
friction load only, light load. Low, mean load factor. 
Short-time operation. 

b. Continued disintegrating. Sudden shocks. Peak 
loads of greatly reduced value. Fewer within a given 
time. Fewer intervals of friction load only. Higher 
mean load factor. Protracted time operation. 

c. Coagulating. Peak loads of relatively low value. 
.Fairly high mean load factor. Protracted time 
operation. 

d. Coalescing. Sudden shocks. Peak loads of ap¬ 
preciably lower value than those obtaining during 
initial disintegrating and controllable by the operator. 
Few intervals of friction load only. Fairly high mean 
load factor. 

(a) and (b) cannot as a rule be separated, (b) is 
usually a continuation of (a) on the same mill. But, 
with a number of mills performing disintegrating 
operations at one time on one mill line the maximum 
peak of the mill line will not be egual to the product 
of the peak load of one, times the number of mills in 
operation. Further, as it is not probable that all 

mills 'will be empty at the one time, the mean load will 
be higher. 

If (a) and (b) operations can be combined with (c) 
all on one line the probable peak load will be appre¬ 
ciably less than the combined maximum peak loads 
of separate units. If to this can be added the (d) 
operation a further saving can be effected. 

This committee believes that it is not advocating 
any departure that differs from practise followed by 
many, but that probably the subject has not been 
heretofore presented for discussion to a body of men 
outside of an industrial oi^amsation. ' 

The committee submits for consideration the fbl- 
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lowing basis of motor selection for washer mill applica¬ 
tion: 

a. Group as many portions as production efficiency 
will permit, of any one general process into one mill 
drive. Preferably group, where practicable, portions 
whose load characteristics contrast. 

b. Determine the probable reasonable peak load 
demand that will obtain in this group arrangement, 
with a defined understanding with the production 
department, what peak load will be considered as 
reasonable, based on a defined kind of stock, methods 
to be followed by operators to prevent abuse, the 
defined peak load value that will give a signal to the 
operators, and the peak load value which if exceeded 
will cause the protective device to stop the mill line. 

c. Determine the probable mean load that will 
obtain in this group arrangement. 

’ Then, select a suitable motor of: 

1. Ample ability to carry through the peak load. 

2. Sufficient thermal capacity to carry the mean 
load, with as high efficiency, and high power factor 
characteristics at this mean load as practicable. 

A plan of this, or of comparable nature, should pro¬ 
vide ample size of motor and eliminate any necessity 
for oversize of motor. It should also give to the rubber 
industry that honor of not only being the largest 
individual user of electric power, but also the most 
conserving user of electric power. 

The grouping as suggested in paragraph (a) 
should provide a relatively high mean load factor per 
motor. This should result in a definite known effi¬ 
ciency for each drive. This feature is in contrast to 
data that show us the load factor of an entire plant, 
in per cent of nominal h. p. connected load. The 
power factor of an entire plant can be determined, but 
the electrical efficiency can not be determined from 
such data. The load factor of the entire plant in 
percentage of nominal h. p. connected is the combined 
mean load on all motors. Some motors may be under¬ 
loaded and working at low efficiencies. Other motors 
may be overloaded and working at low efficiencies. 
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Others may be operating under an average load con¬ 
dition that represents satisfactory efficiency. 

The efficiency of the electrical equipment cannot be 
determined by the ratio of electrical input of an entire 
plant, and the nominal h. p. connected load, but if 
each application is analyzed in its entirety and motor 
selection is based on this analysis, each mill drive 
then will not only be supplied with ample motor 
egtipment to carry on production, but it also will per- 
foiill': that work with high electrical efficiency, and 
will ill a credit to the engineer of selection. 

Mixers 

Pure Rubber to Rubber Compound 

The process up to this point has not changed the 
physical properties of the rubber. If these properties 
could not be changed, rubber would be of small value 
to humanity. Chemical changes can be made within 
the mass, with the result, that the otherwise useless 
mass becomes a product that is applicable to many 
uses. This process of chemical change is a function 
of mixing, compounding and vulcanizing. 

Mixing sulphur with pure rubber, together with the 
application of heat and pressure, is an essential of 
vulcanizing. Mixing of other ingredients in addition 
to sulphur is essential to produce diversified product. 
The specific use to which the rubber will be put, de¬ 
termines the nature of the ingredient or ingredients 
used. Every ingredient added produces a chemical 
change in the rubber to enhance the value of the 
resultant compound, for that specific commodity 
of which it will be an important adjunct. In fact 
the importance of the rubber, and even the importance 
of rubber of that specific compound, may be such that 
' without it, the article could not be produced. 

Process. The cold plastic mass of pure rubber is 
thrown into the mixing rolls which are heated to a 
temperature consistent with the kind of rubber and 
its ultimate use. It is worked and warmed on the 
rolls of the mixers until the required plastic con¬ 
sistency essential for compounding is reach^. The 

compounds are added a small amount at a time, the 
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tags of cold rubber, should be tto ooiBtaaatto. 

In addition to the variables involved m the process, 
the characteristics of each mill must be ; 

Large diameter rolls result in a smaller angle of p 
profching stock, hence a larger wedging 
portion. This results m higher peak | 

bearing pressures, increased fnction losses. T _ 
of friction between the rolls has a_ direct bearing 
on the load demand, and must be included in any 
analysis of conditions, determining suitable motor 


Size. 


The number of mills to the mill line should be 
nsidered, taking advantage'of the law of average. 
Tulere a number of mills are involved on one line, the 
load will not equal the peak load of any one times 
Sd n number of mills. The fact that a number of 
may be on one line, some working on one kind 
L^^mbber and other mills on another kind of rubber 
® nould be considered, as the resultant load mil not be 
. the product of the heaviest kind of load, times the 
number of mills, but will be the resultant or mean 
peaks of the combined heavy kind of load, and the 
lighter kind of load. 

This committee has reports which indicate maximum 
peak loads on mixing mills as high as 3.5 h. p. per linear 
inch of roll face. It has been reported that the 
following rule has been applied; whether it is in actual 
use, the committee cannot determine. 

Take maximum h. p. per inch of roll face 3.5. 

Divide this by the value of the ratio between the 
normal full load torque rating of the motor, and its 
pull-out torque value. 

Multiply by number of inches of linear roll face. 

Answer equals nominal h. p. rating of motor to select. 

Assume, pull-out torque of motor 2}^ times full 
load rated torque. 

Assume, 360 linear inches of roll face. 


Then 


^ = 504 h. p., nominal rating. 


2.5 
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would be the answer, or a nominal rating of 1.4 h. p. 
per linear inch of roll face. 

But, will this apply to every mixing mill line, 
irrespective of kind of rubber, all diameters of rolls, 
all ratios of friction between rolls, all temperatures and 
all pressures that may be involved ? 

If this is the absolute maximum under the most 
severe conditions, then the problem becomes one 
simply of selecting a motor that will surely be large 
enough and in many installations will be oversize. 
This committee believes that the problem of the 
engineer is to equip each mill line with a suitable size 
of motor as determined from an analysis of the load 
conditions that obtain on that line. 

Another report of record, which this committee re¬ 
ceived, is as follows: 

Mixing Mill Line Loads 

Highest 30-minute average peak load 100 per cent 
Highest 5-minute average peak load 120 per cent 
Highest 1-minUte average peak load 155 per cent 
Highest instantaneous peak load 215 per cent 

This condition could readily obtain on a specific 
drive on a specific stock under specific working condi¬ 
tions; but, can it be applied as a general rule for the 
equipping of all mixing lines with motors? 

The following list of installations is submitted, not 
as a basis of selection nor as a basis of approved 
practise, in that this committee does not have the 
detail of each installation, but it does indicate that 
the formula quoted is not followed generally, and it 
also appears to indicate in some instances at least, 
. that the work to be done by a specific mill line had 
been taken into consideration. 

We are not including the addresses of these|installa- 
tions in that this has no bearing on the situation from 
the engineering standpoint. They however include 
installations in the U. S. from coast to coast, and also 
Canada, France and Japan. 
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MIXER LINE INSTALLATIONS 

Nominal H. P. Nominal H -P. 
Number and Size of mills Rating of Motor Per Linear Inch 


of Roll Ftice 

3 — 40 in., 3—36 in. 

...150. 

.0.66 

3—60 in.. 

. ..375. 

11.04 

3—60 in., 1—36 in.. 

. .250. 

.1.16 

3—20 X 60 in.. 

. ..200. 

.1.11 

9—40 in. 

. .375. 

.1.04 

5—42 in., 5—60 in. 

. .500.... 

.0.98 

S —4S in . 

.. .200... 

. 0.595 

—36 in . 

... 150.. 

.0.696 

8—60 in. 

...700. 

.1.46 

7—60 in. 

. .450.. 

.1.07 

6—84 in... 

. .500. 

.0.9925 

9—84 in..... —.. 

...800. 

. 1.055 

4—38 in., 1—44 in., 1—46 

in., 


1—54 in.,. 

..200. 

.0.675 

3—18 X 60 in. 

..200. 

.1.11 

6—60 in., 1—38 in., 1—40 in... 

...250... 

.0..57 

3—32 in., 1—40 in. 

... 150. 

.0.84 

2—18 X 48 in. 

. ..100... 

.1.04 

4—60 in... 

. ..300. 

.1.25 

4—20 X 54 in... 

. . 250.. . 

. 1.155 

1—60 in.... 

...100.. 

.1.67 

2—60 in.... 

.. .250.. 

.2.08 

3—60 in... 

...250..... 

. 1.39 

3—16 X 45 in................. 

...150... 

.1.11 

6—^84 in..... .. .............. 

...600.. 

.1.19 

2—18 X 46 in., 1—18 x 20 in. .. 

..150..... 

.1.29 

2—16 X 48 in., 1—18 x 30. 

. ..150. 

.1.19 

5—14 X 36 in. 

. .. 100 (reclaiming) 

.0.555 


This list could be continued into hundreds of in¬ 
stallations without affecting the conclusion as a vyhole. 

The committee concludes that satisfactory motor 
size selection cannot be made for each specific mill 
line by generalizing on limited data. Each mill line 
should be equipped with motors on an engineering 
basis; the engineer to have complete data of re¬ 
quirements and to select the size and type of motor 
which analysis of the conditions that will obtain on 
that specific drive calls for. No general rule based on 
nominal h. p. per lineal inch of roll face is applicable. 
Motors cannot be satisfactorily selected on an arbitrary 
nominal h. p. rating, which rating means nothing 
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appear that the working time was in excess of eight 
hours per day. It would be interesting to know the 
load factors of the same plants for the year 1920. 

A partial analysis or generalizing would indicate 
the possibility of more efficient motor equipment. 
Every dollar tied up in oversize or unsuitable motors, 
and in contributory equipment represents just that 
much waste. Every unnecessary loss in operation 
of oversize or unsuitable motors, and in contributory 
equipment represents just that much waste. 

If such waste does obtain we believe that the remedy 
lies in engineering. Let the electrical engineer look 
upon each size and type selection as a specific problem. 
If he has done so in the past, may he continue and with 
determination analyse even more carefully in the 
future. 

To select a motor large enough, from a given maxi¬ 
mum rule, with a constant that is conservative even 
for the most severe condition, can be the function of 
anyone, but the selection of a suitable motor for a 
specific drive, can only result from the careful analysis 
of complete facts by the engineer. In his analysis, 
he has, and will continue to consider the following: 

a. The mechanical characteristics of each mixing 
mill. Length of roll face. Diameter of rolls. Ratio 
of friction between rolls. Width of opening between 
rolls. 

b. Kind or preferably kinds of rubber on one mill 
line. Pressures on rolls. Temperatures. 

c. That operators can be taught efficient feeding. 
That this be an understanding with the production 
department. That a signal system can be used to 
warn the operator against injudicious feeding. That 
if the operator ignores the warning and attempts 
to force, and abuse the mill, a protective device 
can be used to shut down the mill line. The load on 
which the signal is to give warning, and the load at 
which the protective device is to operate would be 
determined in cooperation with the production depart¬ 
ment. 

d. Grouping of mixer mills to the greatest number 
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permissible on one line, without sacrificing production, 
and grouping, as far as is consistent, mills on various 
kinds of stock, and obtain that benefit which will re¬ 
sult from the law of average, using a constant that the 
engineer will develop from his own plant operation 
gimilar to the typical table of constants given in this 
paper under the subject of washers. 

e. After determining all of the foregoing factors, 
the engineer will be in position to determine the peak 
load requirement, and also the mean load for a given 
period of time. From characteristic performance 
curves he will select that motor which has sufficient 
maximum torque capacity, to handle the maximum 
torque requirement of that specific mixer mill line, 
and will select that type of motor which will not only 
do this, but which also will have sufficient thermal 
capacity to carry the mean load, and will do this 
efficiently and with a minimum of' reactive current. 

Atmospheric Conditions of Mixing Rooms. Mixingis 
usually attended by dust of the compounding ingre¬ 
dients. Some is highly abrasive, some is only slightly 
so, in any event it is preferable to so plan the instal¬ 
lation that this dust cannot prove detrimental to the 
motor bearings. • 

The situation has been somewhat accentuated since 
the advent of organic accelerators, ingredients that are 
added to hasten vulcanization, as this dust is frequently 
injurious to health. Probably the best solution is an 
installation of a dust collecting, and ventilating system 
with a motor-operated blower to remove fumes 
and dust, thereby protecting the operators and 
machinery alike. 


In the foregoing the subject has been one of mixing 
rolls and does not refer to batch mixers or mixing 
machines. ' 

This committee has no'test data applying to the 
mixing machine and can make no comments with refer¬ 
ence to peak load demands. 

The manufacturers list two sizes in their literature 

as follows: ' 
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.Batch 

H. P. of 



Capacity 

Motor 

Average 

Size 

Crude 

Individual 

H. P- 


Rubber 

Drive 


3 

70 lb. 

75 

50 

9 

210 lb. 

200 

125 


This committee would be glad to receive from any 
engineer any data he can give us with reference to the 
power requirements of the mixing machine. 

Warmers 

The green-stock is accounted back to the store¬ 
room from the mixer room and after a “seasoning” 
is accounted out to other departments, such as calender 
room, tube room, etc. Warming is the initial program 
in the various departments where it is used. The 
warmer mill discussion is closely allied in this paper to 
that of the mixing mill, in that the machine itself is 
practically identical to a mixing mill and the motor 
problem is similar. 

Process 

The cold green-stock is thrown into the warmer to 
warm the stock to render it soft and pliable so that it 
can be calendered readily. 

In the mixing operation the stock was changed from 
a plastic condition to a tough, resilient product. 

In addition to warming, the stock is worked on the 
warmer rolls to affect its consistency throughout 
uniformly. 

Motor Selection 

The fact that the warmer mill is practically identical 
to the mixer mill makes all suggestions that apply to 
one, apply to the other, with two possible exceptions. 

1. The cold green-stock thrown into the warmer 

does, as a rule, owing to its less plastic nature, cause 

higher peak loads than the cold pure rubber thrown 
into the mixer. 

2. There is less probability of its being practicable 
to combine on one mill line a number of warmers, or 

line handling various 
kinds of stock at the one time. It can be done in many 
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instances, and it is advisable to take advantage of the 
opportunity wherever practicable. 

In evidence that in some plants at least, a general 
rule is not applied in motor size selection, we add the 
following table: 

Nominal H. P. Nominal H. P. 

Size of Warmer Motor Rating Per Linear 

Inch of Roll Pace 


1—18 X 36 in. 40 h. p. 1.11 

1—16 X 36 in. 25 h. p. 0.695 

1—18x36 in. ' 50 h. p. 1.39 

Conclusions 

The basic idea of this committee is to equip rubber 
mill machinery with, motors on an engineering basis. 
The committee believes that with the large amount 
of power involved more efficient naotor equipment can 
obtain in many plants if we have a plan to provide the 
proper cooperation. 

The committee concludes that many engineers 
have their own plans that they execute faithfully and 
with success. 

The committee does not advocate a plan, simply 
on account of the plan, but if one can be developed 
that will be helpful to the engineers in the rubber 
industry as a whole, the committee then would favor 
it and gladly cooperate, not for the success of the plan, 
as a plan, but for the benefit that would result to the 

engineers of the rubber industry. 

Safety Stop 

Hazard 

The danger which is prevalent in the various opera¬ 
tions of general milling or basic operations is due to the 
tenacious character of rubber in its plastic state. 

The operator is very likely at any time to become 
caught in the folds of the rubber and drawn into the 
rolls. He may be caught on either hand, or both, 
hands may become entangled. The safety mechan¬ 
ism should be, therefore, of such a nature tha.t if both 
hands are entangled he can trip the mechanism with 
his head. The safety mechanism of all machines om 
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any one mill line should be so interconnected that any 
operator on that mill line may stop the entire mill line 
from his own mill should another operator become 
caught. 

Although this is a dangerous condition under which 
these men must work it has one redeeming feature. 
The operator does not become caught directly in the 
rolls. If so then he would be damaged to some extent 
no matter what device were used for the stopping of 
the mills. He is caught in the folds of the rubber some 
several inches from the point of contact of the two 
rolls. 

If a suitable type of safety stop is used and if prompt 
action is taken either by the operator who is caught, 
or by one of his companions at an adjacent or nearby 
mill, or in fact at any mill along that line, it is entirely 
within reason to obtain a stop sufficiently quick to 
prevent damage to the individual. 

Safe Stopping Distance 

The diameter of the average roll is 22 in. A dia¬ 
gram would indicate clearly why the m axi mum stop¬ 
ping time of the roll must not exceed approximately 
40 angular degrees of periphery travel between the 
tinie that the man is actually caught and the time in 
which the mill is brought to rest. 

This brings the actual stopping time available 
from the moment that the safety mechanism is tripped 
until the mill is actually at rest to about 20 angular 
degrees of periphery travel. Put this in terms of 
inches of periphery travel and it gets to that short 
distance of 4 in. This should be measured by a chro¬ 
nograph in that the eye cannot detect this with a suf¬ 
ficient degree of accuracy. 

If a device will stop the mills within 4 in. of travel 
of the roll periphery it can be depended upon as a rule 

to prevent damage to the operator. 

Suitable Stopping Device 

committee has knowledge of only one basic 
way in which this stopping can be obtained. 

The means for this service consists of a device which 
will disconnect the prime mover, which is a high in- 
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ertia load, from the driven mill line, which is a low in¬ 
ertia load, and which device will simultaneously apply 
a brake to the driven load. 

With devices of this nature suflaciently quick stops 
can be obtained without any probability of damage 
to the equipment through the shock of this quick stop¬ 
ping. Second and most important the stopping can 
be done quickly and with sufficient speed to consider 
such a device as a safety stop—not simply a stop. 

Clutch brakes are made in both the magnetic, and 
the air type. The magnetic clutch brake has been 
most generally used. It is an easy matter to “tie in” 
the magnetic clutch brake type with the electrical 
system. It also undoubtedly has that advantage of 

being most simple in structure. 

Many schemes have been tried which do not con¬ 
template disconnecting the motor mechanically from 
the mill line. 

Plugging the motor to reverse it to bring it to a stop 
has been tried, but this has never met with any degree 
of success. Even were it successful in stopping quickly 
it would still have the disadvantage that it depends 
on an outside source of supply for its- ability to stop the 
mills at a critical moment. This alone would mili¬ 
tate against it. 

The one other mothod that has been tried to some 
extent and which is the only one so far that we can 
find that begins to approach a safety stop, is that one 
■ which contemplates the opening of the motor circuit 
and the applying of a magnet-operated mechanical 

brake. i j. oc + 

However, when it is considered that at least to 

90 per cent of the stored energy of angular rotation of 
the combined motor and mills is in the motor, it can 
readily be appreciated what a large size this brake 
must be in order to absorb the large amount of stored 
energy that is in the motor, in order to bring the motor 
and the mills to a stop, that begins to approach that 
stop which would be considered a safety stop m every 
sense of the word. 

We have found for example, on a 50-h. p. motor 
where the normal motor torque is 510 Ib-ft., that the 
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torque required to bring mills to a stop within a 
travel of 6 in. of the periphery of the rolls means an 
energy absorption equal to 2380 Ib-ft. This means 
a ratio of required torque on stopping to normal 
torque of 4.65. 

On a 200-h. p. motor where the normal motor torque 
is 2050 Ib-ft. the torque required for 6-in. stop is 
10,700 Ib-ft. or a ratio of 5.2 to 1. 

On a 500-h. p. motor, the normal motor torque Ib-ft. 
is rated at 5,100, whereas the torque required for a 
6-in. stop of roll periphery travel is 15,500 Ib-ft. 
A ratio of 3 to 1. 

The above refers to motors operating at a speed of 
514 rev. per min. 

With a roll diameter of 22 in. and a roll speed of 
18 rev. per min. a 6-in,, stop on that roll would require 
that the motor be stopped in 2^ revolutions, or in 
about 0.58 second. 

Complete consideration of these figures will indicate 
to the engineer the size of brake that would be re¬ 
quired to bring the motor and the mills to rest within 
a time lapse that would be safe. It will also' show 
the heavy strain.that must be imposed on the rotor 
structure, in that the mechanical brake must be 
attached to the rotor shaft, whereas practically all 
of the energy of rotation is in the rotor proper. 

Stopping Test Results 

The following tests were made on a mill drive 
including two Farrel 22 x 60, back roll 23.07 rev. per 
min. Front roll 18.03 rev. per min. Friction ratio 

mIL « 

The motor was a Westinghoase type C. W. 1002 
250-h. p. 580 rev. per min, 

Tests were made both with, a device which was 

arranged for disconnecting the motor mechanically 

from the mill line and applying a brake, and with the 

other device arranged for opeiaing of the motor cir- 

cmt and applying a brake to stop both motor and the 
mills. 

240^^^ safety device the roll travel was 
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Stopping by disconnecting the motor mechanically 
from the mill line and permitting the mill line to come 
to rest against its own friction, the travel of the front 
roll was 103 in. 

Disconnecting the motor from the source of supply 
electrically and applying the brake to stop the motor 
and the mills, the travel of the front roll was 40 in. 

By using the combination which disconnected the 
motor mechanically from the mill line and applying 
the brake to the mill line only, the travel of the front 

roll was 8 5/8 in. 

The above test was conducted with all of the mills 
empty. This would be the worst condition that could 
obtain for the reason that the friction on the mill 
line would be low. This condition could not obtain 
at a time when safety stop would be required for the 

no one I likely to be caught under thie 

condition. 

The worst condition under which an operator can 
be caught is that one which obtains with only one mill 
operating and all of the other mills idle. This pre¬ 
sents an opportunity for an operator to be caught and 
at the same time, with a minimuna of load on the mil 
that could be depended upon to assist in quick stopping. 
The following test data were obtained with one mill 

loaded, the load on the motor being 130 h. p. 

Stopping naturally by simply disconnecting the 
motor from the line electrically and applying no out¬ 
side force the front roll travel was 75 in. 

By disconnecting the motor from the mill line 
mechanically and applying no brake to mill line 
the mill lines come to rest with a travel of the front 


roll of 16 in. „ 

By disconnecting the motor from the somce of 

supply electrically and rS 

motor and the mill line simultaneously the front roll 


travel was 16in. _ ^ . i. tVio 

Bv stopping with the device which disconnected the 
motor from the mill line mechanically and applied 
a brake to the mill line only, the front roll travel was 


4 H m. 
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Compensation 

This is a very important question. It is one where 
even human life is involved. Some years ago before 
safety stops were used as generally as today every 
mill had its quota of cripples, and even today you 
will find an unusual number who were injured through 
being caught in this plastic material and drawn into 
rolls. 

The Industrial Commission as a rule favors the 
worker, and the employer must pay heavy indemnities 
varying in many States from approximately $120.00 
minimum for loss of the ring finger at the second joint 
up to a maximum of approximately $5,000.00 for the 
lo^ of an arm at or near the shoulder. In addition to 
this the employer must pay all doctor and hospital 
bills. 

Further, there is a loss to the community of the 
man’s idle time. 

On the other hand,there is no question but that it 
would be much more fitting had the accident never 
occurred. We^ question if there is any other one 
feature on which the engineer can be more careful 
than in the selection of suitable accident preventive 
devices in connection with this class of work. 

Recommendations 

It is the recommendation of this committee that 
the most suitable manner in which safety stops can 
be electrically connected is in such manner that when 
the safety rnechanism is operated the entire mill line 
drive including the motor will come to rest; whether 
or not the motor comes to rest as quicklv as the 
mill line is not important, but that it afso be so toet 
locked with the motor control system that even the 
motor cannot again be restarted until all safety de¬ 
uces have been placed in the “run” position, so as to 

have assurance that all workmen are clear of the Tnifia 
IS important. ’ 

We favor also an arrangement, or combination of 
arrangements, of such nature that the operator who 
has charge of restarting of the mills cannot restart 
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the mills at least, even though he may be able to start 
the motor, excepting from sPch location that the entire 
front of the mill line is visible to him, so that he can 
be assured that all is “clear” before he actually puts 
the mills in operation. We believe this to be im¬ 
portant as it would eliminate entirely possible acci¬ 
dental restarting of mills. 
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Discussion on “The Application of Electric 
Power to the Rubber Industry,” (Subcom¬ 
mittee ON Rubber Industry op Industrial 
AND Domestic Power Committee), Akron- 
Cleveland, Ohio, January 14, 1921. 

A. P. Lewis (Read by B. T. Mottinger): I wish 
to present certain conclusions I have come to differing 
from those of the Committee: 

I. Gearless Drives. I do not believe the direct- 
connected low-speed_ slip-ring mill motor is a factor 
to be seriously considered, due to _ 

a. To its inherent bulk, restricting aisle space 
particularly. 

b. To its inherently poorer electrical characteristics, 
25 per cent in power factor, and 6 per cent in efficiency. 

c. To its probably greater M effect as compared 
to the smaller high-speed machine, and its resultant 
slower deceleration at times of emergency stop. This 
feature will be mentioned in more detail later. 

d. To the physical difficulty of replacement with a 
reserve motor in case of failure. 

e. To the fact that the installation will not, as a 
rule finance itself as compared with a high-speed 
drive. 

My experience, contrary to the Committee’s findings, 
is that gear maintenance on this work is substantially 
negligible. In fact, I have knowledge of only one 
replacement out of approximately 500 gear case years, 
and this one after a life of six and one-half years. This 
result was obtained, I believe, only by the use pf very 
superior units of careful design, but I believe it Justifies 
their increased cost. 

II. Controllers: In mentioning controllers, inverse 
time-limit overload protection is recommended. This 
application is undoubtedly correct in many instances. 
The exceptions, however, ar worthy of mention. In 
those plants using high-vol tag motors, and connected 
to systems of high capacity, I feel that definite time 
relay protection has its advantages: 

(a) It permits the use of oil switches of lower 
rupturing capacity with safety as intense failures can 
then be handled, or remote switches of large capacity, 
set to trip by means of instanta,neous or inverse re¬ 
lays. This means lower cost of motor panels. 

(b) It permits, I believe, a result more in line with 
the nature of the load as far as protection is concerned. 
A combination of time and current may be determined 
from test curves which will permit the motor to carry 
through the sustained peaks well within the thermal 
capacity of its design, and yet provide full protection 
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V. Mixing machines. The requirements as 

furnished in reference to the No. 9 
what liberal. From graphic tests in hand, I feel that a 
standard 100-h. p. motor with 250 per cent puH-put 
toraue will be very satisfactory as regards electrical 
characteristics. The graph shows that the load of these 
machines is irregular. It increases _ abruptly at the 
start, and falls when the batch is finished in the same 

manner. The average condition seems to show a maxi¬ 
mum peak of 215-h.p., a peak of 160 h.p. for five 
minutes, and an average of 90 h. p. for the batch penod 
of 20 minutes. These are input figures. 

VI. Safety stop .and hazards. I feel strongly, 
however, that one of the most important functions m 
connection with proper safety protection has been 
rather slighted. I refer to the elernent of time not 
the time of actuall stopping the advance pf the roll, 
but the time in which the unfortunate limb is removM 
from contact with the hot roll and rubber. This 
temperature is, without exception, above that at whicn 
living tissues can exist, as such for inore than a matter 
of minutes. Experienced doctors advise me that very 
rarely is amputation necessary in mill or calender 
accidents, provided the flesh, usually stripped from 
the bone, is not killed by heat. If this period is correct, 
removal from contact becomes equally, or more, im¬ 
portant with stopping further washing or stripping 

action of the rolls and rubber. ; ^ ^ 

A large number of motor and gear installations have 

been made which have resulted in completely satis¬ 
factory results. The scheme is briefly as follows. 
A motor direct connected by flexible coupling to gear 
unit, the pinion shaft of the latter extended and having 
mounted thereon a mechanical brake, which may be 
tripped by the operator, and which brings the motor 
and mills to a quick stop. The motor is, of course, 
first disconnected from the source of energy supply. 
This design, as a whole, was most carefully checked in 
all details. The total energy to be absorbed for a 
6-mill drive with 400-h. p- motor was found to be 
508,000 ft. lb. With a 505 rev. per mm. machine, 
4 rev. per min. of the motor was the limit for stopping. 
Of thie total energy, a certain per cent is in the rotor. 
With these facts in mind the engineers of the manu¬ 
facturers advised that the stresses developed in this 
quick stop were approximately half ttose ot plugging 
for an equally quick retardation. The brake dmm 
actually used was 35 in. diameter by 12 in. face, ihe 
motors used were of the so-called steel mill 
pedestal bearings, extended shaft rotor, sliding stator. 
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rated 400 h. p., 40 deg. cent., 250 per cent pull-out 
^^^he’ results.in practise mth 

been more than expected. Shop tests .showed quickj 
stops than figures, aboutSHrev 

Sical'^nf After ineteUation, penodreal checto 

were made with the same 67 ^^^ , which 

The advantages, I believe, he m 

“enTSffhrBro* to be mjie 

tonlf^*S"?t X7i starting 
X Xerae. -fee ^e b^e bj 

90 deg. throw, of a f^e 

the air piston, raises_ and ’^^osets cimnle move- 

closes the^reyersmg primary switc^^ procedure is, I 

'"'•Ttooto eSSmJto meet the Lme results. 

Ihe n«S ^-“t is based on reversing 
^ All oi the preceamg a g companies do not 

to extricate the is not superior, from a 

S/stod'point £ thS7e, though I believe equally 

tests with the equipment are as follows: 150 
h. p^. motor! 2-60-in. mills empty, Ws m- average, no 

■■“ 40 “ rmotSffe- Mils <MPV' “"S 

“^Thr cheXX1n*S? u°E*X. wn-yMfWs” 

“ Jit ‘SXf “The mSm^SstlM ^ 

Goodrich plant I sM*tJX™ySeftae maximum 
The power 

conditions. This means mar 

amounte to “S-M rf 1 j a,e amount of 

product. It IS th^ereiore, ev 

saving possible m a p^i^n is reduced, it is 

attempting to save fraction of 1 

only necessary f^pilminate any possible saving in 

fti7SSeSa7fd7Vsn^ 

paper have lor their pmpo^^e^savi^^^^^^^ 
^“o^Jatton, at least at times I ^°‘ belfeve 
riotofJrSSn^&'chToSdX eXunLed, 
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Byron T. Mottinger: This element prevails in 
practise—the motor mill line is liable to kick off, 
any how, and if by the use of these devices certain pre¬ 
knowledge can be given to the operator, so it will not 
kick off, it will not only prove to be a saving in power, 
but a saying of time lost. When the mills are kicked 
oft the hne, the compound in many cases has to be 
gotten out, and the mills started up again. 

Heber McFarland: Would it be practicable to 
put a flywheel set on the motor to take the big loads 
and flatten out the load curve? 

J. H. Vance: Answering Mr. McFarland’s ques¬ 
tion, the inertia that would be stored up in a flywheel 
placed on a mill motor, would be lost in a very short 
space of time, and it has been found absolutely im¬ 
practicable to use fl3^heels to take away from the 
peak load demand. 


In that connection I will say 
that flywheel motors—I may be betraying my own 

M the sort 

asks about—have been applied 

aC Sp crushers, which I imagine have 

touW have T characteristics that a washer 

^ of an installation of some twenty- 
odd imits, where 50 and 60 h. p. motors on each unit 

to 30 h Arp tlfp ^P.P^ximately 75 h. p 

treSe thfn tha?? ^ washer more ex- 

wasW’ '^he load has longer standing on the 

types of machines ft f« niay apply to certain 

to make The same I practicable 

synchronous S for"cS 

suming that both types do ha^SThT'seiST'^®''®''’ 

torque, I believe thata mill line driven w! 
driven by an Lduction t^nT hhan one 

This is dTe to the fact That tflf 

maintains constant spee? to the Tnfnt 
torque, so that the operators Wp ^ “j maximum 
it may be carr^ang’ On tbp idea of the load 

motor slows do^^as the loL induction 

per cent of synchronous speed. if 
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speed indicates to the operators that the motor is 
being over-loaded and it is entirely possible in most 
cases to prevent it from pulling out by proper feeding 
or manipulation of the stock. 

A ^'Eule of Thumb'' with which some of ns are 
familiar is given in the third paragraph on page 17. 
It reads as follows: ''It is reported that in tire mills 
1 h. p. is required per tire per day." As rules oi 
this land are often of great assistance ^ in making 
estimates I believe a more complete definition would 
be desirable. For instance/ does horse power mean 
electric horse power demand, or nominal motor horse 
power installed and also does the plant work twenty- 
four hours a day or only eight or ten hours? I believe 
it means that to produce 1000 tires per day on the 
24-hour basis would require a motor installation oi 
approximately 1000 h. p., but I am not sure whether 
this is the interpretation intended by the authors. 

Factors to be considered in determining the horse 
power required to drive mixing mills are classified in 
the middle of page 28 beginning with paragraph , "a 
All of the characteristics indicated are of vital import¬ 
ance, but we also believe there is another item of equal 
importance and that is "speed." In other words, with 
all of the mechanical characteristics in paragraph ‘a 
remaining constant, the power will vary approximately 
with the speed of the rolls or the rate at which the stock 
is being handled or delivered.. _ 

Mr. Mottinger and I believe Mr. Lincoln brought 
up a point which is well worth discussion and, that is, 
that after all of these mechanical factors and condLitions 
of operation have been determined, what assurance is 
there that they will be the same in one year or perhaps 
five years afterwards? Is it not possible that chemists 
may devise new compounds or methods of mixing or 
that different speeds may be used? Commercial 
conditions may change and the equipment may be 
required for a different product so that after all of the 
calculations have been made, it is a question whether 
it is not advisable to install a motor of sufficient capacity 
to carry any reasonable load that may be imposed 
upon the mills. This is the present policy of many 
companies, especially the smaller ones, haying only 
one or two mill lines, while the larger companies having 
man;^' mill lines may use niotors of various sizes and 
thus utilize the motor capacities to the best advantage. 

Wirt S. Scott: In the rubber mill industry, 
power is required for heating purposes in the curing 
‘of the rubber, or of vulcanizing. I would hazard a 
guess, that converting the B. T. U's in the kw. hours, 
that the demand for heating would be equivalent to 
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the motor load on the plant. How we will obtain that 

XT "the present time, but I believe 

that the load is available, and that it is something to 
which we should give consideration. 

The sub-committee on Industrial Heating would 
like to work with the various sub-committees in con- 
nection with these power applications and investiga¬ 
tions lor the purpose of determining what applications 
cmi be made of electrical heating. You might sav 
offhand, that you_ cannot compete with steam. We 
nave tound that it can -be done in many cases. I 
believe m the course of time we will find that it will be 
economical to do the vulcanizing and curing of rubber 

steam""^’ is being done now by 

It has been found that the 
torque is about 2.5 times the full- 
motor motor, and therefore as far as the 

to iZ 9 thought it would be advisable 

of too cnm maximum pull-out torque 

thiS- ®^ehronous motor, applied to a mill line, and I 

cen^as^fwotow^oT^'^ ^ i^ban 2.5 per 

seem to^Sf ® Power per tire per day, it would 

S kw-^ rfi ^ ^ be better expressed if it 

tire. * which would give power cost per 

recentto’?!rw gearless type of mill line drives we 
^ bS'b an investigation where a man of consider 
able expenence in the rubber mill industrv ha« [f 

JearftaLStiS"" ht^wSone 

iT. j*x* ^ ution, und therefore it would sppttj rUar 

to Y'fcpS IntJr^Zr^- 
sjicfcoS Sr 

Si SSCtofSttT.lrS'*?'’®' 

a 25?cyde iSlaSSU Te SSS 

not greater than the modS-afP^foU ^ was 

gear reduction. inoclerate speed motor with the 

uniri^y^uSouJd”coSidSthems°^^ 

the location of the motor wff^ * ^he gear reduction, 

the cost of maitonee oUhe'Sr ' 
mamtenance does not ammi-nf + say gear 

say it is about $500 a year. ^^^i^bing, and others 

phas^°Jf One of the interesting 

pi omem is the low power factor of a 
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motor for a mill line which is used for both mixing and 
breaking down. 

The mixing operation takes perhaps 60 per cent of 
the rating of the motor, if the motor is rated to take 
care of the breaking down operation, and if the motor 
is an induction motor, that means poor power factor. 
In the rubber companies where induction motors are 
used both for the large drives and small drives, you 
will find relatively poor power factor. 

A synchronous motor lends itself very well to the 
situation, for the reason that the synchronous motor, 
designed we will say, with 80 per cent leading power 
factor, will at its rating carry the mixing load. It will 
also correct for the poor power-factor of these smaller 
motors usually found in rubber plants and necessarily 
induction motors. Now, coming to the breaking down 
operation, which may be off-peak, the motor, rated on 
the mixing load and working up to the rating on the 
mixing load with an 80 per cent leading power factor, 
can then be adjusted by the rheostat (by a simple 
device of arrows on the field ammeter indicating the 
limits of breaking down) to operate on a breaking down 
load on unity power factor, automatically increasing the 
motor rating to the required load. 

Take a typical installation. A 600-h.p. 80 per cent 
leading power factor motor is driving a mill line. 
Its load on the mixing operations is, we will say, 540 
or 550 h. p. There we have the compensation for the 
poor power factor of the smaller motors by operating 
at 80 per cent leading power factor. When we get to 
the breaking down operation, we change the excitation 
and that same motor, with approximately the same 
temperature rise, will carry continuously about 725 
or 750 h. p. Obviously the synchronous motor lends 
itself directly to the requirements of the case, and the 
induction motor with its poor power factor under light 
loads is passing out. 

Some reference has been made to signals and motor 
protection. Signal devices must necessarily be practic¬ 
able, and we feel that the motor should be designed to 
carry the normal operation in the mill room, without 
tripping out. If the motor carries more than 275 per 
cent of its rated load, and therefore approaches the 
pull out torque, it is advisable to have the' automatic 
devices open the circuit. A signal is provided to show 
that this particular condition existed. If the motor 
operates for a while at slightly beyond its rating and 
its temperature rises, the protection ’is obviously a 
temperature relay, a relay set at perhaps 90 deg. cent., 
and if abnormal conditions exist for a long period of 
time, the motor should be thrown out of service. The 
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temperature relay does this through operation on 
the under-voltage release. 

There should be still another development in the 
matter of protection of motors, since it is undesirable 
that motors should go off the line on a surge. We 
therefore feel that an under-voltage relay with a time 
element should be developed and applied to the in¬ 
stallation. That gives, then, continuous operation 
during a surge, but causes disconnection of the motor 
under no voltage. 

_ B. A. Waltz: I believe there is a well-defined move 
smaller plants to take a growing interest in the 
different methods of operation. We have followed this 
matter with reference to the greater proportion of the 
^ger and medium sized plants, 24-hour operation 
We can figure our saving in efficiency, we can figure 
the invest^nt and capitalize the difference in invest¬ 
ment on different sizes of motors, and different kinds 

the smaller plants, 
mth one shift or two shift operation, the question 

2 f SnsidJation particularly worthy 


calendering process takes a large amount, 
poportionate to the total amount of power absorbed 
by a rubber plant. If we attempt to apply a complete 

tebT!PrSt^^^^^ T operation, wl are 

S the^power consumeT ^ 

iu tor some of us minor operators 

SiSfnJ nSfod??. " oto^e 10-hour or two 8 hour 

Si cileS^r-n^°”®‘'^T operation of the 

The savins- wVnVr. artier to reduce the demand. 

canltnKlS^ir^t^ 1^6 brought about in this way 
S £ ovishSlowS^"" these small plants, wifi 

when we fi^re the demand charge. P ' 

whSSTt is aMrechied’’rt»i-““.r“'® “ woiKiering 
to goalies; JS the 

essential the appli^tkn consider 

The spnehronorSrWdLSftoe”^^ 
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of efficiency high enough to deserve consideration, the 
synchronous motor being operated at unity power 

The pull-out torque has to be determined by the 
engineers of the rubber plants, and so also the starting 
torquej the lower the speed, the higher the starting 
torque. There should be no difficulty in designing a 
machine to meet the requirements for gearless mill 

drives. 

A. M. MacCutcheon: On the question of electric 
heating, is it possible that the quality of the rubber 
can be affected by a dose heat regulation which can 
be secured with electric heat, just as in the heat treat¬ 
ing of steel they have found that the electric furnace, 
although it is more expensive, more than pays for it¬ 
self in the quality of the material that is produced. 
Whether or Lt such a question is germane to the rub¬ 
ber industry, I do not know. 

I am much interested in the matter of signals. I 
gather that the limiting factor in working the rubber 
through the apparatus is the motor with regard to the 
load demand. Now, if that is the case, why surely 
some signal as to how fast the material can be fed in 
or worked in, is invaluable. If it is valuable to .show 
when the machine is approaching the limit of production, 
is it not also valuable to show when it is approaching the 
limit of inefficient production; or in other words, to 
call for a signal when they are not feeding fast enough, 
as indicated by the power demand on the motor. 

B. G. Dennison : Why is it necessary for the men to 
feed these crude rubber chunks into the rolls by hand, 
there to be distintegrated or reduced to small particles. 
In paper mills, for instance, we do not expect that the 
pulp log is to be forced in between two rolls and re¬ 
duced in one process to the fine pulp. We, on the 
other hand, expect that the logs will be thrown into the 
hopper of an automatic machine which chops them up, 
or, if grinding is desired, that the log will be held in 
some automatic clamp, which will hold it against a 
rough wheel which will reduce it to fine particles. Of 
course, rubber is a tenacious material, but could it not 
first be reduced in some automatic machine to fine 
shavings, and then fed into the rolls entirely auto¬ 
matically, without danger and without these sudden 
applications of excessive load to the driving machines? 

Byron T. Mottinger: In answer to that question 
it is only fair to state that innumerable attempts have 
been made to design rubber mills in the past 40 or 50 
years that would automatically feed the rubber into 
the mills. There was much effort made in this direction 
in England and European countries, more, I dare say, 
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than was made here, but all of these attempts were 
laiiures, and the fundamental reason why it is impracti¬ 
cable, as I see it, is particularly this one reason which I 
think you will all agree in—the process, for instance, of 
mixing a batch of rubber is of short duration. The 
vary with the contents and various practises 
rubber manufacturers, and I dare say 
that there are mixes^ which are made in as short as 
lour minutes, and mixes which require as long as 20 
minutes, and even 40 minutes, and during that'period 
or mixing you begin with one condition of materials 
and end up with materials of all together different 
properties. You start in with a chunk of previously 
broken down rubber, cold and tough, and end up with a 
thoroughly disintegrated mass of warm, plastic, com¬ 
pounded material, which has to be cut off the roll, 
ine pieces must be rolled up, or sheeted out, and after 
this operation is finished, the whole operation is started 

in from, say four to twenty minutes, 
there are automatic attachments whieh are applied 
to mills if the mills are to be used continuously for mix- 
mg. A conveyor like belt passes underneath the mill 
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plant that in no case when a person is caught in a^ mill 
shall the mill be backed up, as we have found in so 
doing the injury is made greater than was made by the 
initial action. 

H. W« Eastwood; My engineering experience has 
been almost entirely in the steel industry, and it was 
impossible for me to go through the Goodrich plant 
without noticing the exact similarity of layout, between 
rubber mill lines and sheet mill lines. With that in 
mind it is very hard to understand why improved 
efficiency cannot be secured by the application of 
flywheels on rubber mill drives. 

Sheet mill lines are usually laid out with a number 
of mills in one line up to as many as eight, and the 
general arrangement is exactly the same with the 
exception, of course that the horse power required is 
greater; where you have a 500 or 600-h. p. motor, in a 
rubber mill, you have a 1600 or 2000-h. p. motor in a 
steel mill, but I have not seen any sheet mill without 
a flywheel in connection with the drive. 

Another point in connection with the sheet mill 
drive is that they are all equipped ^ with induction 
motors, slip-ring motors, with automatic slip regulation 
of some type, either with liquid rheostats or notched 
back relays. 

Mr. Vance has brought up the point that the duration 
of the load in the rubber mill is so great that it would 
be impossible for the flywheel to be of any advantage. 
The duration of the load in the rubber miU I am sure 
is no greater than in the sheet mill, and yet it has been 
found advantageous there, and I believe that the matter 
deserves further investigation. 

Byron T. Mottinger; Flywheels are; not new 
things to rubber mill engineers. They were used 
fundamentally and our evolution has been from that 
standpoint. Since the introduction of electric power 
into rubber mills, flywheels have been used and have 
been found to be more expensive than beneficial. The 
data which we present to you show there are peak loads 
of 155 per cent, comparatively, for one minute, and 
approximate 200 per cent for one-half minute. How 
big a flywheel do you propose? 

J. H. Vance: Answering that question, we have 
put flywheels on which weigh approximately one and 
one-half times the weight of the motpr, and the results 
were the same as if there were no flywheels. 

Paul M. Lincoln: There has been a good deal of 
discussion here tonight on the use of the synchronous 
motor in order to improve the power factor. I would 
like to ask the gentleman whether in the purchase of 
power from power companies, it is usual that power is 

I 
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purchased under a power factor specification; that is, 
is there a penalty applied for bad power factor, and if 
so, how is the penalty applied, and how much does 
it amount to? 

W. H. Horton, Jr.: I recently had occasion to 
examine some fifteen tariffs of various ^ large power 
companies operating east of the Mississipp River. 
The majority of the power rates in these tariffs were 
based on demands which were affected to some extent 
at least either by the kv-a. or the power factor of the 
load. Answering Mr. Lincoln's query directly it would 
seem that power companies are tending towards basing 
their charges on a power factor basis. 

J. H. Vance: I was wondering if the conclusions 
reached by the committee are as they are for the reason 
that pretty nearly every rubber mill engineer has 
different ideas how to do it. It depends largely on the 
size of the rubber mill, how you do it. If you have a 
small plant with one washer,' or maybe two, to motor 
that washer on the ratio of 1% to 2 h.^ p. per linear inch 
of roll face, is perfectly good engineering. If you 
have a string of five or seven, as in the Good¬ 
rich plant to motor them on the basis of one and 
horse power per inch face, is good engineering. 
When you conie to the mixing mill operation, to motor 
that on a basis of a horse power per inch face, with 
certain kinds of compounds is good engineering. With 
other types of compounds, to motorize on the basis of 
0.8 horse power per inch of face, assuming the motor 

capable ^ of giving 200 per cent torque, is good 
engineering. -x ? » 

When it comes to calendering operations, I can 
remember tte day when we put 40 h.p. on a 60-in. 
calender. We had calenders in those days with rolls 
18 m. diameter and 60 in. face. We ran seven to ten 
yards a minute, and thought it was good business, and 
it was good business. Today, when we run them at 
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overload. This arrangement would immediately take 
the overload fro n the motor by disconnecting the mill 
line and would eliminate the necessity for restarting 
the motor. 

William E. Date: First, with regard to Mr. 
Lewis’s discussion, which was read by Mr. Mottinger, 
I believe there must be some misunderstanding regard¬ 
ing large size low-speed slip ring motors, as on page 6, 
the paper states: 

“The prevalent tendency is an endeavor to eliminate 
the gear reduction, and connect the motor shaft directly 
to the mill-line shaft. This requires a very low-speed 
motor, and is impracticable with large size induction 
motors, either of the squirrel-cage-rotor, or of the 
wound-rotor type. The synchronous motor however 
is readily adaptable to this low speed and provides 
the advantages of high power factor, which is of large 
significance in view of the widely varying load en¬ 
countered in milling, in addition to the elimination of 
costly, noisy gearing. The elimination of gear main¬ 
tenance is a large factor.” 

A synchronous motor, I am given to understand, 
say, for example, 500 h. p., approximate 100 rev. per 
min., can be designed with the necessary torque to 
meet the requirement, with an efficiency of 73 per cent 
fqr 60 cycles, and of unity power factor. The same 
motor, for 25 cycles, can be designed for an 
efiieiency of 80 per cent, and unity power factor. 

Passing now to the safety stop question; irrespective 
of whether it is preferable to back the man out of the 
rolls, or whether it is preferable to loosen the pressure 
on the rolls, the important point is this,—provide a 
safety stop that will stop the mill in case of an emer¬ 
gency before the man is drawn into the rolls. 

On the question of washer peak loads, we should not 
washing as a process in its entirety, but 
sfiould se^egate as we have done in the paper. The 
initial disintegrating peaks are high peaks and are 

relatively short time peaks. The following disintegrat¬ 
ing peaks are lower. & s 


Another point, in considering the difference in load, 
we should not confuse the “kind” of rubber with 
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Again, on efficiency, we say that a motor should be 
efficient, but that is not all that is to be considered. 
In any plant necessary contributory equipment must 
be provided in proportion to the connected motor 
load. The power lines, the transformers, the switching 
mechanism, in fact all of the equipment is on the basis 
of the motor size selection. It is necessary to consider 
the installation as a whole, and if investment costs can 
be reduced, the saving should be effected. This applies 
both to the initial investment and to operating costs. 

On the question of electric heating, it is the intention 
of this committee to cooperate fully with the Main 
Committee on Industrial heating. 

Mr. MacCutcheon brought up the question of what 
effect electric heat would have on the quality of the 
output. That would be covered, we had hoped, 
under “Conclusions,” items “C” and “D”, page 5. 
We had in mind two factors; one, economy of operation, 
and the second, the effect on the product. 

Finally, this Committee does not hope to attain 
100 per_ cent efficiency in every plant, nor in every 
application, _ but we do hope that by studying each 
application improvements may be effected. 

G. A. Maier; I object to Mr. Date’s statement 
that the synchronous motor can be designed to apply 
to this service. I would like to have that changed to 
has been designed. At the present time I know of 
approximately 50 gearless drives going in in four 
different plants. 

William E. Date: I accept the statement. The 
quotation referred to by Mr. Drake, and also by Mr. 
Pilgrim, namely; “It is reported that in tire mills 
one horsepower is required per tire per day,” was offered 
to emphasize a condition, and if the report is correct, to 
ask, can the condition be improved? 

Our understanding of the report is that it referred 
to connected horsepower, and on a basis of one shift 
per day. It was not the_ intention of the Committee 
to offer the reported condition as a rule, nor as a basis 
of computing operation costs. The consensus of the 
committee as reflected in the paper, is that it is not 
convinced that general rules can be applied, second, that 
though cost statistics are useful and in fact necessary 
to any line of manufacture, that the purpose of this 
cornmittee should be toward a larger and broader 
basis, namely; to assist in any way it can toward the 
efficient application of electric power, to every opera¬ 
tion in the rubber industry, and efficiency here is 
intended to cover production efficiency (continuity 
of service) as well as doing the work on an economical 
power cost basis. 
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I N ORDER to summarize the present-day indefi¬ 
nite operating requirements and limitations of oil 
circuit breakers, the A. 1. E. E. (Protective De¬ 
vices Committee), N. E. L. A. (Apparatus Committee) 
and Electric Power Club (Power Switchboard and 
Oil Circuit Breaker Section) cooperated in sending 
out a joint questionnaire for oil circuit breaker data 
to the larger operating companies. The response to 
this questionnaire was prompt and rather complete, 
which is an indication of the interest taken by the 
operating companies. 

This subject has been given careful consideration 
in the^ past and several papers have been presented, 
and still there remains much research work to adequate¬ 
ly determine the proper limitations of design and appli¬ 
cation. To this end it is suggested that operating 
cornpanies add to their systems, equipment which will 
register essential transients that can not be registered 
on the usual quota of indicating and recording meters. 
On account of lack of generator capacity and opera¬ 
ting complications, it has been impossible to test oil 
circuit breakers to any great extent to determine their 
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limiting interrupting capacity and consequently the 
circuit breaker of today is based largely on deductions 
from the results of system trouble, the conditions of 
which are usually of rather indefinite nature. At 
the present time, however, the operating companies 
are showing an increasing willingness to cooperate 
with the manufacturer in the development of oil 
circuit breakers by allowing constructive tests to be 
made on the generating equipment of their systems. 

We feel that the results of this cooperation will 
lead to a marked improvement in that it will make pos¬ 
sible the elimination or correction of a number of 
minordefeets, which in thefewteststhathavebeenmade 
have b een shown to be a factor in causing previous failures. 

In the paper on “Rating and Selection of Oil Cir¬ 
cuit Breakers”, by Messrs. Hewlett, Mahoney and 
Burnham, presented before the A. I. E. E. in February 
1918, the basis for the present day manufacturers’ 
standards was outlined, and we propose to summarize 
in this report the operating companies’ viewpoints of 
these standards, as brought out in the replies to the 
questionnaire, together with recommended revisions. 

The general requirements for oil circuit breaker speci¬ 
fications have been classified as follows: first, rated 
voltage; second, rated continuous current-carrying 
capacity; third, rated momentary current carrying ca¬ 
pacity; and fourth, rated interrupting capacity. 

Ratep Voltages • 

The present standards of the A. I. E. E. specify 
that oil circuit breakers shall be given a dielectric 
dry test consisting of the application of V/i times the 
rated voltage plus 2000 volts between the live parts 
and ground for 60 seconds. Although the question¬ 
naire did not indicate in any way that such a test 
would not give adequate insulation it was brought 
out in the discussion that some operating companies 
are purchasing apparatus of a voltage rating higher 
than the system voltage on which the apparatus is 
to be used. 

It is recognized that the dielectric test recommended 
by the Standards of the A. I. E. E, must meet the 
requirements of average systems. It must also be 
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recognized that systems not protected by adequate 
lightning arresters and systems of very large capacity 
may be subjected to voltage rises due to surges or 
lightning that will exceed the insulation values re¬ 
quired by the Standards of the A. I. E. E. Taking 
those points into consideration, it is not recommended 
that these Standards for dielectric tests be changed. 
However, for systems that have characteristics, or 
inadequate lightning arrester protection, such that 
higher insulation is required, the present practise of 

selecting apparatus of the next higher voltage rating 
is endorsed. 

Rated Continuous Current-Carrying 

Capacity 

There has been little trouble reported of oil circuit 
breakers overheating under normal operation, although 
the reports indicate that some operating companies 
order oil circuit breakers with current rating above 
their requirements. This has probably been a wise 
policy as it allows a greater margin of temperature 
rise in the breaker under short-circuit conditions and 
a greater margin of safety. Some trouble of over¬ 
heating has been reported which has been caused by 
poor workmanship, such as poor alignments of contacts. 
It would be a great help if the contacts were made for 
greater ease and permanency of adjustment. 

In order to reduce the maximum temperature and 
to prevent accumulation of explosive mixtures in cell 
compartments which ha§ given some trouble, we would 
recommend that careful consideration be given to 
ventilation of compartments cautioning at the same 
time against ventilation which would allow gas from 
one compartment entering an adjacent cell. One 
company has found it desirable to carry the ventilation 
from each tank to the outside of the building. 

Rated Momentary Current-Carrying 

Capacity 

Trouble has been experienced by some of the 
larger operating companies through the failure 
of oil circuit breakers to carry heavy short-circuit 
currents for the period of time required to open the 
circuit and in some cases of the inability of the current- 
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carrying parts to withstand the strain produced by the 
electromagnetic forces. We are very fortunate in 
having the accompanying paper by Mr. Torchio 
which outlines the results of a very extensive series of 
tests along these lines, showing very conclusively 
certain weaknesses in oil circuit breakers from this 
standpoint. The principal weaknesses brought out in 
these tests have now been corrected. 

It is recommended that all oil circuit breakers be 
given a short-circuit current rating for a period of say 
both one and five seconds. 

Rated Interrupting Capacity 

The limiting factors entering into the operation of 
an oil circuit breaker when interrupting a current have 
never been conclusively determined. The present- 
day practise of rating oil circuit breakers to interrupt 
a given r. m. s. current at normal voltage two times at a 
two-minute interval and then be in a condition to be 
closed and carry its rated current until it is practicable 
to inspect and make necessary adjustments, is not 
in accord with operating requirements as reported in 
the replies to the questionnaire. There is considerable 
difference in the operating requirements depending 
upon the character of the system. On such parts of a 
system as will not cause interruptions to service by 
the opening of an oil circuit breaker, it is general 
practise not to throw in the breaker again until the 
circuit is tested and in some cases until the breaker 
is carefully inspected as well. In other cases where 
the opening of an oil circuit breaker interrupts service 
such as distribution feeders, single transmission lines, 
etc., there is a general tendency to throw in the breaker 
as soon as possible without testing the circuit. In 
many cases, the latter method restores service, as the 
opening of the oil circuit breaker may have been 
caused by a flash-over or other intermittent trouble. 
In some of these cases the operators find that even 
after the breaker has opened automatically, two, 
three, four and some as high as five times, a reclosing 
of the breaker will restore service, and, therefore, 
they feel it desirable to have the breaker rated to with- 
stand this service. 

Considerable time is required in testing a feeder, 



1921 ] OIL CIRCUIT BREAKERS 59 

and in many cases the only available means is by clos¬ 
ing the circuit through the oil circuit breaker. In 
some cases, however, this heavy requirement on the 
oil circuit breaker could be relieved by the installation 
of proper testing facilities, particularly where there 
are many feeders or points of high power supply. 

It is felt that the interrupting capacity tests that 
are being made at the present time in the factories 
and on some of the larger companies' systems will give 
a better idea of the limitations of the oil circuit breaker 
to withstand the stresses produced by the reclosing 
feature. Also the installation of recording devices on 
systems which will give some record of the service im¬ 
posed on a breaker under short-circuit conditions should 
lead to progress in the design of oil circuit breakers. 

Some companies consider it desirable to compare 
the constants of the circuit breaker, such as tank 
dimensions, length of break, speed of operation, 
expansion chamber etc,, before selecting one for their 
conditions, and it is hoped that the results of the above 
tests will tell us more regarding the relative importance 
of these features. 

It appears, therefore, that the operating com¬ 
panies may require ratings on duty cycles, other 
than the present recognized standard as given in 
the paper by Messrs. Hewlett, Mahoney and 
Burnham. There is considerable difference of opin¬ 
ion regarding the point of ending the duty cycle, the 
allowable condition of the breaker at that time, and 
what is considered satisfactory operation of the 
breaker. The opinions vary so much that we hesitate to ' 
recommend a definition and therefore suggest that the 
satisfactory operation would mean the interrupting 
of current within a definite time after the energiz¬ 
ing of the trip coil, which time allowance could be 
relied upon for selective operation of relays on the 
system, without throwing burning oil outside of the 
tank or causing permanent deformation of tanks or 
any of the current-carrying parts. 

It is suggested that the rating be made with 
only the manufacturer's factor of safety to cover any 
inequalities of materials and manufacturing processes 
so the purchaser of an oil circuit breaker could then 
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rely on a given rating at all times and should not count 
on more. 

Very few data were given which would show the 
relation of the constants (reactance and resistance) 
of the circuit as affecting the interrupting capacity 
of the breaker, although some tests made by one 
of the operating companies showed that reactance im¬ 
posed a heavier duty on the oil circuit breaker than 
resistance for the same value of current. 

In several cases reported, the increase in the speed 
of operation of some of the older type breakers has 
made an improvement in the interrupting capacity. 

Ninety per cent of the cases reported have found 
venting the tanks desirable. 

There is no universal standard for oil to be used 
in circuit breakers, although some companies have 
interchangeably used oil of one manufacture in breakers 
of another. It would be desirable if some stand¬ 
ards could be adopted by the oil circuit breaker 
manufacturers so as to reduce the number 
of types of oil required for stock\with companies 
ha\nng several makes of breakers. 

It has been impossible to answer satisfactorily 
these questions at this time, and it is, therefore, sug¬ 
gested that this matter be given careful consideration 
by next year’s sub-committee. 

General Comments 

The subject of oil circuit breakers as reported by 
this committee was intended to cover the field of station 
breakers which would have, to rupture large amounts 
of power rather infrequently, and is not intended to cover 
the subject of circuit breakers such as used in control 
equipment where they should be capable of interrupt¬ 
ing full-load current a large number of times per 
hour for long continued periods and not be required to 
interrupt heavy short-circuit currents. 

The activities of this sub-committee have been con¬ 
fined this year entirely to the subject of oil circuit 
breakei s and it is suggested that next year’s sub¬ 
committee consider the question of rating and rup¬ 
turing capacity of fuses, both of the power class and 
potential transformer class, in addition to following 
up the study on limitations of oil circuit breakers. 
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HIGH-CURRENT TESTS ON HIGH-TENSION 

SWITCHGEAR 
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Abstkact of Paper 

The article describes a series of tests on oil circuit 
breakers and disconnecting switches to determine 
their strength, at brush contacts and supports in with¬ 
standing the mechanical stresses engendered by the 
inagnetic flux due to the flow of large currents of the 
order of 100,000 amperes, as may exist at times of short 
circuits on large systems. Other tests were made on 
current transformers and potential transformer fuses. 

For the first time, a synchronized motion picture 
machine and an oscillograph, were coupled to reproduce 
the coincident actions of the apparatus tested, and the 
variations of voltage and current in the circuit. The 
tests proved that practically all the circuit breakers 
then on the market had the brush contact placed in the 
wrong position, creating arcing before the operating 
mechanism had sufficient time to perform its funetion. 
The tests emphasized the importance of strong locks for 
disconnecting switches. Only single-turn primary-type 
current transformers and potential transformer fuses 
with resistance in series, were found adequate to give 
the service requirements. 


npHE high-current tests on oil circuit breakers, 
_[_ disconnecting switches, current transformers, and 
potential transformer fuses were carried out in 
1918 and 1919 by the engineers and the Photographic 
Bureau of The New York Edison Company. The 
manufacturing companies lent effective cooperation in 
arranging the apparatus for the test, and in analyzing 
the results. For the first time, a synchronized motion 
picture machine and an oscillograph were coupled to 
reproduce the coincident actions of the apparatus tested 
and the variations of voltage and current in the circuit. 

Oil Circuit Breakers 

In connection with the study of very high-current 
electric welding apparatus, certain phenomena took 
place on the ordinary type of brush contacts, which 
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prompted an investigation and subsequent tests to 
determine what would happen on the circuit breakers 
used in our central stations when subjected to currents 




Fig. 1 G. E. Co. Type F H-3 Oil Cibcuit Bebakbr Showing 

Impjrovembnts 


1-A. 

1-B* 

1 - 0 . 


Original standard construction of contacts. 

Detan of new inverted contact brushes and tie insulators. 
Assembly of new inverted contacts and tie insulators. 


of the order of 100,000 amperes, as may exist at times 

of short circuits on large systems. 

The phenomenon which was noted was the well- 
known fact that when current is flowing in a closed 
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circuit, the magnetic field set up by the current will 
tend to expand the loop outward. Therefore, if a 
circuit breaker is designed with a loop circuit so ar- 
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The circuit breakers tested were the K-52, H-3 and 
H-6 of the General Electric Company; and the E-Q 



Fig. 4—Set-up of Apparatus foe Tests 


and 0-1 of the Westinghouse Electric & Manufactur¬ 
ing Company. 

The tests proved that practically all the circuit 
breakers then on the market had the brush contact 



Fig. 5—Controe Apparatus for Tests; Mounted on 
G AELEEY Above the Test Floor 


placed in the wrong position, so that when the current 
flowed the resultant mechanical force acted in a direc- 





































Kating 125,000 kv-a., 31,500 amperes at 2300 volts. 

' First withstood a test of 67,000 amperes mean effective. On 98,000 amperes mean effective the porcelain broke at 12th cycle. Slight arcing. Toatl 
spread of contacts approximately 3/16 in. 
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Bating 160,000 kv-a., 40,000 amperes at 2300 volts. 

Tested at 89,000 amperes mean effective. Brushes lifted on first K cycle and burned clear at 8 K cycles. 
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riG. 12—G. E. Co. H-3 With Trial Brushes 
Eating 225,000 kv-a., 63,000 amperes at 2300 volts. 

Tested at 112,000 amperes mean effective. Slight arcing at contacts due to vibration. One brass rod was bent, Total spreading of pots 11 /8 in 

The bright irregular lines at,the left edge of Section B of the film are caused by static discharge due to the high speed at which the films were taken 
This appears in a number of the motion pictures, notably Section E of the film In Fig. 17 . 
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mean effective, burned off in body of rod in 1.8 sec. Copper rod test shown above. Note bending between supports. 
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Fig, 18 G. E. Co. Current Transformer Y-340 and D-20, Single-Turn. 

Tested at 92,000 amperes mean effective. Primary of D-20 blew open after 12 K cycles. Secondary destroyed. Y-340 not injured. 
(D-‘20 Is,a superseded type). 
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- r ———-^After Test 

19 —Q. E. Co. Current Transformers. ¥-340 and K-48 Single-Turn. 

Tested at 101,000 amperes mean effective. Primary of K-48 opened after 23 K cycles, due to failure at terminal, y-340 not injured 
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tion opposed to the brush pressure, thus tending to 
open the contact at this point; whereas, if the position 
of the contact brushes had been reversed, the mechani¬ 
cal force due to this current would have been exerted 
in the same direction as the brush pressure, thereby 
tending to improve the contact. 



GtASS.TysE. Mm, 




M'' 


Fig. 20— Glass Tube Fuse of 20 Ohms Resistance With 
50 Additional Ohms in Series. 


TestM at 1^00 volts. Mean effective 156 amperes maximum. Tube 
was unbroken but asbestos flUer was expeUed from both ends. Duration 
of current 0.27 cycle. Circuit opened successfuUy. 


In addition to the force exerted at the contacts, it 
was found that the repelling force between contact 
supports was of such magnitude as to distort, and in 

some cases permanently displace, these parts. 

In all these tests, the circuit breakers were locked in 
the chsed ■position. The arcing, therefore, was caused 
by the opening of the main and arcing contacts due to 
me mechanical force resulting from the high mrrent. 
Idis phenomenon occurs in practise before the opera- 
ing mechanism has had sufficient time to perform its 
function m opening under short circuit. 
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On the basis of the results obtained, the manufac¬ 
turers have revised the design of their circuit breakers 
so as to eliminate the trouble due to contact separation 
and displacements, as shown in Fig. 1 for General 
Electric Company apparatus, and in Fig. 2 for West- 
inghouse Company apparatus. Other detail improve¬ 
ments are referred to in the illustrations hereinafter 
given. 



Pig, 21—Glass Tube Fuse op 20 Ohms Resistance With 

50 Additional Ohms in Series 


Tested at 13,000 volts mean effective, 202 amperes maximum. Fuse 
exploded. Caps remained in clips. Duration of current 0.58 cycle. 
Fuse opened circuit. 


Testing Equipment 

Current for the tests was supplied by two 10,000-kw. 
generators in Waterside station, operated in parallel 
and connected through their reactors to an emergency 
bus. This bus was connected, through the tie bus 
reactors, to a second emergency bus to which a 350,000- 
cir. mil feeder was connected for supplying power for 
the tests at the West 41st Street substation. (See 

Fig. 3.) 

At the substation, the feeder H-2 and the H-3 
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switch of a 3500-kw. synchronous converter were con¬ 
nected in series through their K switch and the emer¬ 
gency bus to the high-tension side of a 3850-kv-a., 
three-phase synchronous converter air-blast transfor¬ 
mer. The control circuit of the two H switches was 
connected to operate from the control switch as a 
four-break unit. The three high-tension transformer 



* 

Pig. 22—Fiber Tube Fuse of 79 Ohms Resistance With 
NO Additional Resistance in Series 

Tested at'6600 volts mean effective 1970 amperes maximum. Fuse 
completely blown to pieces. Circuit opened manually. Duration of 
current 3.1 cycles. 


windings were connected in multiple as a single-phase 
transformer. The six low-tension windings were simi¬ 
larly connected, giving 170 to 200 volts at full voltage. 

The records of the test were made by oscillograph, 
and a motion picture camera was driven synchronously 
from the feeder supplying energy for the tests; also 
a Lichtenberg high-speed camera was used. In addi¬ 
tion, close-up pictures were made of each subject with 
the ordinary camera after each test. 
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The oscillograph had three vibrators, one of which 
was used to measure the secondary current in the type 
£-3 General Electric Company current transformer, 
20,000-ampere, 4000 to 1 ratio. The second vibrator 
was used to measure the voltage drop across the brush 
contacts. The third vibrator was used to give a 25- 
cycle timing wave from the Waterside main bus, ex- 



Fig. 23 —Fiber Tube Fuse of 79 Ohms Resistance With 

50 Ohms Additional in Series 

Tested at 6600 volts mean effective, 25 amperes maximum. Fuse 
opened the circuit without visible disturbance. Duration of current 
0.02 cycle. 

cepting in tests of circuit breakers having auxiliary 
arcing tips. On circuit breakers so equipped the third 
vibrator was connected to give an alternating wave 
only when the auxiliary contact was lifted 1/32 inch 
or more. For some of the tests, the third vibrator 
was connected to measure the current on the primary 
side of the testing transformer. The oscillograph was 
calibrated immediately before and after the tests. 
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The motion pictures were made by a standard Moye 
carnera, gear-driven, from a J^-h. p. ssmchronous 
motor. The calibration was accomplished by photo- 
papmng an ordinary arc lamp operating on 25 cycles 
rom the same source which drove the motor, and ad- 
justing the shutter so that the full opening occurred 
at the point of greatest brilliancy in the are. 

The camera was started and brought to synchronous 
speed before the test current was applied to the subject. 

e camera operation was continued synchronously 
until after the test current was interrupted. Two 
pic ures were taken during each cycle, adjacent pictures 
.therefore, showing events at a time interval correspond¬ 
ing 0 180 electrical degrees, or one-fiftieth of one 
second. The camera shutter design was such that the 
ei^osure for each picture lasted during about 60 elec- 

^ mi, , ^Ss. 4 and 5 show the apparatus. 

ihe Lichtenberg camera was equipped with a lens 
board and_ 24 lenses arranged to give successive ex- 
poswes. t was set to take its 24 pictures during the 
first two cycles of the test current. As the tests pro- 

time of exposure was increased 
_ ewhat to obtain better negatives. Although these 
pictimes were, in general, a success, they are not shown 
^rein as the motion pictures, being in synchronism 
the oscillograph records, more adequately il- 
lustrate the results obtained. 

Results of Tests 

records, in Figs. 6 to 16 inclusive, are 
combined characteristic results of motion pictures and 
oscillographs for the apparatus tested. 

Disconnecting Switches 

The same mechanical stresses caused by flow of 
oif if® in the paragraph on 

the detsioT. ^ extent, to 

the design of disconnectmg switches. The ideal in- 

i^iSrwiTr/b disconnecting switch 

m senes vnth the mam circuit without bends. When 

however, bends are necessary, the blade opening should 

be at nght angle to the main lead. In addition, suit- 
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The company first used a resistance wire wound 
spirally on a rope core and insulated suitably for the 
voltage on which it was applied. 

Recently, the suggestion has been made to use an 
asbestos card with a resistance wire wound on it in 
series with the fuse. Where space does not permit the 
use of the high-resistance lead, this substitute may be 
of advantage. See Figs. 20 to 24, inclusive. 
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Discussion on ''Present Day Practise Limitations 
OF Oil Circuit Breakers'' (Woodrow) and 
"High-Current Tests on High-Tension Switch- 
gear" (Torchio), New York, N. Y., February 
16, 1921. 

Peter Junkersfeld:^ At the time oil breakers 
were first put into service, they were simple and inex¬ 
pensive affairs as compared with what we have today, 
it naturally leads one to think whether the art will 
not have to go to some rather radical improvement, 
because of the expense of present oil circuit breakers. 
The many things that go with them are increasing in 
greater proportion than the expense of any other part 
of the electrical system. 

In connection with the^ matter of potential trans¬ 
former fuses, I noted most if not all of them were tested 
in the horizontal position. Many of the potential 
fuses operate in either position, but there are some 
designed to operate only in a vertical position. I do 
not know whether any of these were tested or not. 
Dr. E. J.^ Berg and I witnessed tests on liquid fuses 
operated in a vertical position a number of years ago 
that gave remarkable results. The fuses in that case 
were connected to a 2000-kw. motor generator and that 
in turn to a 12,000-kw. turbine, operated independently. 
I do not remember the values, but the fuses ^ opened 
the circuit very satisfactorily on short circuit when 
they operated in the position for which they were 
designed. 

E. P. Peck: The suggestion in Mr. Woodrow's 
paper that oil switches have ratings in addition to 
those ordinarily given, based on operating the switch 
one time, two times, three times, four times, and five 
times, is a very excellent one. It is not possible to lay 
out all transmission and distribution systems in such a 
manner that each customer will have duplicate service, 
and a good many districts must necessarily be fed 
from one transmission line. When there is trouble 
on the system which causes a circuit breaker to open, 
good operating practise requires that the circuit breaker 
be closed in a very short time. The rule in several 
companies is that the oil circuit breaker be closed three 
times as rapidly as possible after an interruption, 
before the line is left out of service. The reason for 
this is that a large number of interruptions are caused 
by temporary disturbances on the line, such as an 
insulator flash-over, a short from a tree limb which 
may burn off, or an accidental short caused by a work¬ 
man. In most of these cases the line is ready for ser¬ 
vice as soon as the arc is interrupted, and the operating 
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company is not justified in leaving the line out of 
service until they know that it is not capable of cany- 
ing the voltage. 

There are a number of troubles, however, which 
have to be repaired before service can be restored. 
The operating company’s rule then forces the oil 
circuit breaker to stand three operations on a short 
circuit, and these operations are often made in a period 
of a few seconds only. 

Under the present oil switch ratings, the operatmg 
engineers have diflBculty in selecting switches which 
may safely be closed three times on a short circuit, 
and it is very desirable that ratings be given which 
will enable the operating engineer to select a switch 
for the service which he knows it will be required to 
stsmci. 

In connection with Mr. Torchio's paper, I would 
like to ask if the series resistances used with the fuses 
burn open when the fuses blow. I would like to ask 
also if the carbon tetrachloride fuses were tested, and 
if so, how they performed. 

N. J. Conrad (read by N. L. Pollard): In the Ipt 
paragraph of Mr. Torchio’s paper he states that extensi ve 
tests were made on potential transformer fuses with 
and without resistance in series, and that these tests 
have conclusively proved that no type of potential 
fuse on the market can satisfactorily open the circuit 
without a resistance in series. 

Mr. Torchio in his paper, does not state the condi¬ 
tions under which the potential transformcT fuses 
were tested. He doesn't say what the capacity and 
rated voltage of the generator was; what the kv-a, 
capacity and reactance of the step-down or step-up 
transformer was; neither does he give any particulars 
regarding other circuit conditions. He infers in his 
paper that the types of fuses which he refers to would be 
satisfactory if used with a series resistance, and it would 
be reasonable to suppose that the resistance he recom¬ 
mends would be 50 ohms, which is the amount of the 
series resistance given in the reproduction of the oscil¬ 
lograms and photographs. 

The paper contains data on five different fuse tests. 
In three of these tests a series resistance of 50 ohms 
was used. Of the three fuses tested with series re¬ 
sistance, one exploded and two apparently operated 
successfully. If this is an indication of the percentage 
of failures, it certainly does not speak well of the effec¬ 
tiveness of the series resistance with the ordinary 
glass tube fuse. A series resistance properly designeil 
so that it does not become a dangerous element in 
itself, will undoubtedly improve the operation of 
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potential translormer fuses under short-circuit con¬ 
ditions, but it also certainly is desirable if a series 
resistance is used that an eflicient and effective fuse 
be used to interrupt the current. 

In 1910 very extensive tests were made by the Com¬ 
monwealth Edison Company, of Chicago, on all types 

market and also on a liquid fuse 
at that tune newly developed. These te^sts were very 
complete and were made under known conditions, 
and reliable photographic and osciriographic records 
were obtained. These tests showed that the ordinary 
glass tube, fibre tube and expulsion type fuses could 
not handle successfully the short-eircuit current of a 
00-kw., 9000-volt, 25-cycIe, high-reactance, slow-speed 
generator. 1 he liquid fuse, on the other hand, in 
these tests handled without any difficulty and with- 

^ oaaaT resistance the short-circuit current of 

a 2000-kw., 25-cycle, 9000-volt generator, and also the 
^ort-circuit current of a 12,000-volt, 1500-kv-a„ 
^cyde transformer, of about 6 per cent reactance, 
short-circuit currents successfully interrupted in 
shown by the oscillograms, were as high 
Ihese tests were witnessed by some 
01 the most prominent engineers in the countiy, 
mong them, Peter Junkers!eld and l?)r. E. ,J. Jlerg. 
borne time later, short-circuit tests were "made on 

Sf Keokuk plant of the 

^ ississippi I ower Company. These tests were made 

1 ^ between one phase and 

the neutral point of the 110,000-volt buKses, or, in 

other words, with 63,500 volts across the fuse. ()rfli- 
nariiy, oi course, two of these fuses wouhl liave bfX'^n 
m senes on 66,000 volts. These tests were imde with 
first one, then two, and finally with three OOOO^kw. 

ce^ffdfv”? 7 nTf^ii^ parallel. The fuses operated suc- 
-k- ^««fiitions and opened the cir¬ 

cuit within one-half cycle. 

extensive tests have been made by 

ferSd SitarS?'*"'®"’ 

be evident that the rupturing 

ord£v compared with 

orclmaiy t^es of fuses, there are however other 

requirernents besides_ rupturing capacity which are 

connection with successful po- 
Sn ordinary fuses, 

Svth onH tfrn point along their 

ui twi mterrupt the flow of cuiTent. 

conditions any fault which may occur 
veiy probably will develop to actual dead short-circuit 
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condition before the circuit is interrupted. In many 
cases this arcing in the fuse lasts so long that the 
• entire fuse tube is burned up or broken up before the 
fault becomes a short circuit, and this arcing may in 
turn result in the establishing of an arc to ground or 
to adjacent conductors. 

The liquid fuse with its cornbination spring and 
liquid break introduces a definite gap the instant 
the current reaches a value sufficient to melt the fuse 
wire. It, therefore, acts positively no matter how 
small or how large the fault current. On account 
of this feature it will interrupt the current flow be¬ 
fore the fault in the transformer develops into a com¬ 
plete short circuit. This feature, combined with the 
high rupturing capacity of the fuse, makes it entirely 
reliable for potential transformer service with or with¬ 
out series resistance. Naturally, a reliabte series resis¬ 
tance used with the liquid fuse will result in improved 
operation of the fuse, but unless the resistance is very 
carefully designed and constructed it might be a 
hazard rather than an improvement when used with 
the ordinary types of fuses. 

Many thousand liquid fuses have been in service 
on potential transformers for the past 10 years. There 
have been many eases that we know of where poten¬ 
tial transformers have broken down and the liquid 
fuses functioned safely and properly in all of these 
. cases.' We know of no case where a liquid potential 
transfonner fuse failed in regular service. 

In view of this very extensive experience and the 
very complete tests made more than 10 years ago, 
I feel that the statement made in Mr. Torchio’s paper 
is by no means warranted, especially in view of the 
fact that the data submitted in the paper on potential 
transformer fuse tests are very vague and incomplete. 

E. E. F. Creighton: From my own viewpoint, 
it is perfectly evident that new circuit breakers will 
have to be designed to open _ successfully, not only 
■ once or twice, but a dozen times in succession, as rapidly 
as the mechanism can put them into operation. Just 
when this period will arrive is hard to predict. It is 
an extremely difficult problem. The factors which 
limit the disruptive capacity of oil circuit breakers 
have not yet been fully determined. There is a possi¬ 
bility that the answer will, in fact, be an entirely 
different t 3 pe of circuit breaker. 

H. E. Trent: I wish to discuss the high-tension 
fuse. Some time ago I developed and had tested a 
fuse of rather novel design and based on different 
principles to other t 3 pes of fuses. 
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Th 0 short-circuit test consisted of connecting each 
fuse across the 2400-volt side of a 200-kw. transformer 
and limiting reactances. No resistance was used in 



Fig. 2 

series with the fuses. The fuses opened the circuit 
easily with very little noise and an absence oi outward 
distress. The oscillograph of Fig. 3, gives the val^s 
of current and voltage and it should be noted that the 
voltage graph of lower amplitude repiesents thOj^sus- 
tained shorh circuit voltage. 



Fig. 3 


Fig. 4 shows the cement blocks after the test reassem¬ 
bled for photographic purposes. 

While it is recognized that the voltage is consider¬ 
ably lower than those employed in Mr. Torchio’s 
tests, it is expected that this new fuse, when designed 




for higher voltages will meet the need suggested by 
Mr.Torchio. 

William A. Moore: There is a paragraph in Mr. 
Woodrow^s paper under the heading ^'Rated Momen¬ 
tary Current-Carrying Capacity^', which reads as 
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follows : ''Trouble has been _ experienced by some of 
the largei operating companies through the failure of 
oil circuit breakers to carry heavy short-circuit currents 
tor the period of time required to open the circuit and 
in some cases of the inability of the curreiit-carryino'' 
parts to withstand the strain produced by the electro¬ 
magnetic forces. We are very fortunate in having 
the accompanying paper by Mr. Torchio which out¬ 
lines the results of a very extensive series of tests 

1 . ."1^. .i*. very conclusively certain 

weaknesses in oil circuit breakers from this standpoint. 

1 he principal weaknesses brought out in these tests 
have now been corrected.” 

After reading that statement and seeing the pictures 
tonight I have the feeling that many oil circuit breaker 
failures (that is.where the breaker was not in a con¬ 
dition to be closed after interrupting the circuit) were 
accelerated by the arcing due to electromagnetic 
forces which tended to open the circuit breaker contacts 
in question before the relays had functioned to trip 
the breaker. The oil circuit breaker might have 
interrupted the circuit satisfactorily as the relay was 
set to operate in one or two seconds but for the fact 
that the damage was started in the first tremendous 
peak of current and the oil circuit breaker was there¬ 
fore not permitted to get underway properly to inter- 
rupt the circuit. 

Mr. Woodrow goes on to say in the second para- 
graph under the same heading “It is recommended 
that all oil circuit breakers be given a short-circuit 
rating fOT a period of say, both one and five seconds.” 
Would it not be advisable to include a short-circuit 
current rating not related to time but only to the 
maximum current which an oil circuit breaker could 
carry without the resulting electromagnetic forces 
causing failure due to distortion or arcing at the con¬ 
tacts. 

L. B. Chubbuck (by letter): Referring to the 
paragraph towards the end of your paper suggesting a 
“single shot” basis of rating for oil circuit breakers, we 
feel that this would mean additional complication in 
a_ rating that is already too involved for the ordinary 
circuit breaker purchaser. Some years ago we started 
to rate the breaking capacity of oil breakers simply 
by the station generator capacity, this was then 
qualified in turn by service voltage, decrement curve, 
etc., etc. We feel that different ratings for single shot, 
two shot, etc., is unnecessary complication, and that 
oil circuit breakers sold on the usual “two shot” basis 
with a fair operating factor of safety, should be suffi¬ 
cient.” 
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Philip Torchio: May I say a word on Mr. Wood¬ 
row’s paper? I think the industry is to be congratu¬ 
lated upon the effective work that this Committee 
is doing. The plan they have outlined to improve the 
rating and understanding of circuit breakers is going 
to be of great value. There is, however, a tendency 
on the part of many users to use the cheapest, I mean 
the smallest circuit breakers they can buy. Now, in 
growing systems with an increasing number of inter¬ 
connections, circuit _ breakers that may be entirely 
suitable for the service today or the next two or three 
years may be entirely inadequate four or five years 
from now. 

I would strongly advocate that users, in making their 
layout for new installations and new additions should 
take a look to the future, and put in^ not the circuit 
breaker that they think will do the work for this year 
or next year, but one that has breaking capacity 
consistent with the future developments of which there 
is a reasonable prospect of growth. 

H. R. Woodrow ; I am sorry that more discussion has 
not been given tonight, particularly from the operating 
people, as this paper was primarily intended to start 
us all thinking as to the basis of oil circuit breaker 
ratings, so a definite rating can be established and the 
manufacturers will know the operating requirements, 
and be able to make their guarantees accordingly. 

In regard to the suggested tests of short duration, 
it was intended that the one-second rating would cover 
the maximum stress conditions. It is essential that 
the assymetrical peak condition be considered for 
stresses, and that point should be carefully weighed 
in the determination of this rating. 

Referring to Mr. Torchio’s paper, I would like to see 
emphasized, the fact that the resistance in series with 
the fuse may be confused with the resistance of the 
fuse. You will note from the test oscillograph records 
that a 79-ohm fuse did not limit the current in propor¬ 
tion to 79-ohms and there was practically a dead short- 
circuit across the fuse after the fuse blew, whereas the 
insertion of the series resistance with the fuse reduced 
the interrupting load on the fuse, to a relatively low 
value. 

Philip Torchio: Mr. Haar has asked for an 
explanation of Figure 2-D. The ends of the contact 
brush, separated in Y shape and carrying current in 
the same direction, are attracted toward each other and 
against the stationary contact thereby increasing the 
contact pressure, and therefore the efficiency of the 
joint. 

Selby Haar: Is that the main contact or auxiliary? 
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Philip Torchio: The main contact; not the arcing 
contact or auxiliary. 

Selby Haar: It looks to me as if it is a laminated 
brush. 

Philip Torchio: That is right. All these pictures 
show laminated brushes. 

Selby Haar : There are laminated brushes of this 
type? 

Philip Torchio: Yes. Col. Junkersfeld asked if 
some of the fuses were tested vertically. In the motion 
picture, some of the fuses shown in the compartments 
were mounted vertically. 

E. S. Peek has asked two questions; one is if the 
resistance would not introduce a hazard. Mr. Wood- 
row has already given the answer. In the paper, I 
have only abstracted a few of the tests shown in the 
motion pictures; this, perhaps, led my friend Conrad to 
say that the statements in the paper were very vague. 
As a matter of fact, the motion pictures show that the 
tests were really extensive and covered more than the 
few illustrations given in the paper. 

Now, the resistance limits the current to a very 
small amount. You will see from the illustrations, that 
in one case the current was 202 amperes; and in another 
case, 25 amperes; and in another case, 156 amperes. 
Without the resistance in series, the currents were 
1970 and 1330, an entirely different order of values. 
The smaller currents can be very conveniently handled 
by a properly designed resistance. The resistance 
we use, as I stated, was made by winding around a 
jute core a resistance wire, and then insulating it so 
that it could be installed in the compartment as a 
cable. Where there is no space available i for the 
installation of a long cable, probably it may be ad¬ 
vantageous to use a card resistance, but it must be 
properly designed and proper care taken to enable it 
to handle the current that it may have to sustain.- 

As to the question of Mr. Peck about the carbon- 
tetrachloride fuses, I will answer it, in answering Mr. 
Conrad’s contribution. 

In partially answering Mr. Conrad’s contribution 
at this time, I want to state that we did not test the 
Conrad fuse. As a matter of fact, I have personally 
a high opinion of that fuse, but while it is called a fuse, 

I never considered it in that light because it has the 
characteristic of a circuit breaker, combined with the 
fuse. Therefore, I regret sincerely that, under the 
pressure that the Chairman put upon me to write this 
paper in a few days, I made the generic statement that 
no potential fuses on the market can satisfactorily 
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open the circuit, because I did not intend to include the 
Conrad fuse. 

However, I am very glad to be in full agreement with 
the conclusions as Mr. Conrad has stated, that resist¬ 
ance properly designed is an improvement; and that 
is all I wanted to convey. It was very far from my 
thought to condemn any fuse of any make; my inten¬ 
tion was to indicate that the resistance in series, prop¬ 
erly designed, is an improvement and I think it 
should be used. ■ 
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THE MAXIMUM SAFE OPERATING TEMPERA¬ 
TURE OF LOW-VOLTAGE PAPER- 
INSULATED CABLES 

BY W. A. DEL MAR 

Chief Engineer, Habirshaw Electric Cable Co. 

Abstract of Paper 

The Standards of the Institute state that for low- 
voltage cables the maximum safe operating temperature 
is 85 deg. cent. Experiments show^ that coiitiniious 
operation of 100 deg. cent, for less than a month, 
seriously impairs the meohanieal condition of impreg¬ 
nated paper. A standard of permissible mechanical 
condition should, therefore, be established, if such 
high temperatures are to be allowed. Operation at 
higher teniperatures tlian allowed by the present 
Standards is, however, in the nature of a gamble and 
it is questionable whether the Standards should take 
cognizance of it. 


Statement of the Problem 


1\ OTHING would seem more simple than to de- 
J_ ^ termine the maximum safe operating tempera¬ 
ture of an insulating material such as impreg¬ 
nated paper; but the problem is really very complicated 
as several preliminary problems of an important charac¬ 
ter must be settled before the main problem can be 
adequately attacked. These preliminary problems are 
as follows: 


1. What is the criterion of quality of paper insu¬ 
lation by which we may say whether it is satisfactory 
for service? 


2. What is the effect of the continued application 
of various degrees of heat, expressed in terms of the 
criterion selected ? 


3. Will intermittent heat have the same effect as 
continuous heat provided the aggregate time of ex¬ 
posure and the temperatme are the same in both cases? 

4. If the above questions should be satisfactorily 
answered, what form of rule should be adopted so as 
to make the best economic use of the information 
thus obtained ? 
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5. If a rational rule for the maximum permissible 
temperature of paper insulation should be developed, 
how can the hottest-spot temperature of a cable in a 
duct be measured in order to ensure that the cable 
is working within the rule? 

These questions cannot all be answered at the pres¬ 
ent time, and the object of this group of papers is 
to gather together such data as are available in order 
that the Standards Committee of the Institute may 
be able to revise its present rule for the temnerature 
limits of paper insulation in the light of the best infor¬ 
mation which the members of the Institute can furnish. 

Criterion of Quality 

In the case of low-voltage cables, which are the only 
ones under present consideration, the criterion of quality 
by which we may judge whether the cable -is usable, 
should be the mechanical strength, because, it is that 
quality which determines whether the cable can with¬ 
stand handling, expansion and contraction, and possible 
reinstallation. New cables of the best quality have 
but little margin of strength to take care of the stresses 
imposed on the insulation during installation. Large 
cables are often installed in splicing chambers origi¬ 
nally designed for small cables, and are consequently 
bent on curves of dangerously small radius, and are 
subjected to very rough handling. Even where splicing 
chambers are adequately designed, the cables are often 
handled with entire disregard of their mechanical limi¬ 
tations. However, once the cables are installed, they 
are free from mechanical stresses except such as may 
result from expansion and contraction due to variations 
of temperature. A different criterion of quality may 
therefore conceivably be adopted for cables after they 
are installed from that for new cables, but the use of 
such a standard would preclude the possibility of re¬ 
installing cables which have deteriorated to that standard. 

Some cable specifications contain clauses requiring 
the paper to have a certain minimum tensile strength 
but tensile strength tests are unsatisfactory because 
the paper may become brittle, and may tear easily, 
while the tensile strength remains quite high. 

Bursting strength tests, as made on a Mullen tester. 
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are unsatisfactory for the same reason. A test, which 
proved to be really satisfactory, is the tearing test. A 
piece of paper about three centimeters wide is care¬ 
fully cut with a razor along its center line from one end 
to about its center, and a pencil mark made one centi¬ 
meter beyond, as shown in Fig. 1. It is then suspended 



Fig. 1—Sample Pig. 2—Tearing Test 

FOR Tearing Test 


from one of the small ends as shown in Fig. 2, and a 
balance pan attached to the sniall free end, the large 
end being allowed to swing free. Sand is then poured 
continuously into the pan until the paper begins to 
tear. The ■ stream of sand is then continued slowly, 
stopping if the paper continues to tear, but proceeding 
if the tearing stops. It is continued until the tear 
reaches the centimeter mark. The total weight of 
pan and sand expressed in grams is taken as the tearing 
strength of the paper. The reason for letting the paper 
tear a definite amount, rather than to observe the 
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weight at which the paper be^ns to tear, is that paper 
varies in thickness and condition from place to place, 
and the initial tear would only represent the strength 
at a spot and would not be a measure of the average 
quality. The tearing strength of unimpregnated Ma 
nila rope paper 0.02 mm. (8 mils) thick, under ordinary 
conditions is from 170 to 285 grams (6 to 10 oz.) 
"When impregnated, the tearing strength is usually less 
than this, depending upon the nature of the impreg- 



Fig. 3—Effect of Moisture on Tearing Strength of 

Unimpregnated Paper 

nating compound, the temperature and duration of the 
process of impregnation and the amount of the com¬ 
pound retained upon cooling. Manila rope paper 
usually contains from 5 to 10 per cent of moisture. 
Tests were made to ascertain whether the percentage 
of moisture had any effect upon the tearing strength. 
The results are shown in Fig. 3, which shows that an 
increase of moisture increases the tearing strength 
up to a certain point and decreases it ^bove that 
point. Statements of tearing strength ' are, there¬ 
fore, not complete unless the moisture content is 
specified. 

Effect OF Continuous Heating 

Tests, to ascertain the effect of the continued appli¬ 
cation of various degrees of heat, were made upon 
rolls of paper immersed in open beakers of petro- 
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latum-resin compound maintained between 85 and 
90 deg. cent, for a year. These tests were made 
before the development of the tearing test and the 
results are therefore expressed in terms of tensile 
strength. The gradual loss of strength is shown 
in Fig. 4, which shows that at the end of a year, the 
paper had lost about half the tensile strength it posses¬ 
sed just after impregnation. It is probable, that the 
tearing strength would have been even more reduced. 
The paper, however, was in quite good enough condi¬ 
tion at the end of a year for new low-voltage cables. 

Tests were made upon unimpregnated paper with 
the object of determining the behavior of Manila rope 
paper exposed to high temperatures. Samples of paper 
were heated in vacuo successively at 70 deg., 80 deg.. 



MONTHS 

Pig. 4—Loss op Tensile Steektqth of Impeegnated 
Paper in Petrolatum-Resin Compound at 85-90 Dbg. Cent. 

90 deg., 100 deg., 110 deg., 120 deg., 130 deg., 140 deg., 
150 deg., and 160 deg. cent., the temperature of all 
samples being maintained at each of these points for 
as many periods of one hour as were required to ensure 
that constant weight was obtained. The average re¬ 
sults are shown in Fig. 5 which indicates that the loss 
in weight increases slowly up to about 120 deg. cent., 
but then rises rapidly. At 130 deg. cent, oily globules 
distil off; at 140 deg. cent, the paper darkens, indicating 
charring. The loss of weight which occurs above 120 
deg. cent, is not necessarily due to loss of moisture. 
However, some of the material which distills off is 
undoubtedly moisture, but this may be due to the de¬ 
composition of the cellulose, which is a carbohydrate 
having a composition of (GoHioG,)*, which may, 
therefore, be reasonably expected to sdeld water 
among its products of decomposition. 
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Another series of tests was made by putting a roll 
of dried paper in a beaker of petrolatum-resin coni- 
pound for three hours and noting the loss in tearing 
strength. This test was made on a separate roll for 



Fig. 5—Unimpregnated Paper 

The figures at each point of the curve represent the number of houi’S 
of heating at each temperature before proceeding to the next. A steady 
weight was reached in about one hour less than these periods. 

each of six temperatures from 70 to 140 deg. cent. The 
results are shown in Fig. 6 and indicate the degree that 
impregnated paper may be injured by three hours 
exposure to the temperatures covered by these tests. 
As in the year test at 85-90 deg. cent, the paper in 



Pig. 6 Effect of Heating Paper in a Beaker of Petrola¬ 
tum-Resin Compound for Three Hours 
A special sample was used for each point. 

any of these rolls was in good enough condition for 
new low-voltage cables. 

The most decisive series of tests was made on sealed 
lead-sheathed cables placed in an electric oven main- 
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tained carefully at a temperature of 100 deg. cent. 
The temperature was measured by three thermo¬ 
meters, one above, one below the samples, and one 
fastened to a cable sheath under a felt pad. The 
reading of the upper thermometer was about 99 deg. 
cent, and the under thermometer about 101 deg. cent. 
The thermometer on the cable sheath read a fraction 
of a degree below the mean air temperature in the oven. 
The mean temperature was kept constant by a cali¬ 



brated thermostat, the maximum variation being 
degrees above or below the mean. At the end of a 
week, one sample of cable was removed and its paper 
tested for tearing strength and tensile strength. 
About 6 pieces of paper were taken for each test, and 
the results being substantially uniform, mean values 
were taken for the tearing strength and the tensile 
strength. This test was repeated at the end of 2, 
3 and 4 weeks. After the fourth week, the paper had 
become so brittle that it cracked apart when folded. 
The results of the test are shown in Fig. 7, and they 
indicate that the mechanical strength of paper insu¬ 
lated cables is seriously impaired by continuous ex¬ 
posure to a temperature of 100 deg. cent, for three 
or four weeks. 

As the insulation was intact before the samples 
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were opened at the end of a month, and as they were 
thoroughly dry, the electrical properties of the cable 
were undoubtedly quite good enough for low-voltage 
operation, provided it was not disturbed. 

Distribution systems may therefore be in satis¬ 
factory operation with cables in the condition of these 
samples, but the risk of operating them in this condition 
is obviously greater than with the insulation in good 
mechanical condition. 

Intermittent Operation 

A test to give the same aggregate exposure to heat 
as in the test described above would last 8 months 
if the cable were heated for 3 hours every day. 
Possibly intermittent heat has less effect than con¬ 
tinuous heat of the same aggregate duration, but ex¬ 
perimental data to settle this point are lacking. 

Form op Rule for Maximum Temperature 

The present Standards of the American Institute 
of Electrical Engineers give 85 deg. cent, as the maxi¬ 
mum permissible temperature of impregnated paper 
insulation for low-voltage cables. The following table 
shows the increase in carrying capacity that would 
result from operation at higher temperatures, assuming 
40 deg. cent, duct temperature. 


XJltimate temperature 
deg. cent. 

Increase of carrying 
capacity over that for 

85 deg. cent, ultimate 
temperature, per cent. 

85 

0 

90 

5 

95 

9 

100 

13 

105 

17 


This increase of carrying capacity may sometimes 
warrant the use of cables at destructive temperatures, 
and the operating engineers may rightly consider 
such a procedure to be entirely justified. It is ques¬ 
tionable, however, whether the Institute should make 
a rule to cover such cases, as an Institute rule neces¬ 
sarily represents an agreement between manufacturer 
and user and it. is unreasonable to expect the manu- 
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facturer to share the risks resulting from operation 
at or beyond the limit of endurance of his product. 

Use of a Rule for Maximum Temperature 

Assuming all of the above problems to be satis¬ 
factorily answered, we would still be confronted by the 
difficulty of applying our knowledge to practical 
operating conditions, because it is almost impossible 
to ascertain accurately the hottest-spot temperature 
of a cable in a duct. This problem is complicated 
by the presence of other cables in neighboring ducts 
and by the variable thermal resistivity of the soil. 
The Cable Research Committee of the National Elec¬ 
tric Light Association is giving serious attention to 
this problem. 

The present interest in this subject arises from the in¬ 
creased loads which war conditions suddenly imposed on 
thecentral stations and the consequent enforced opera^ 
tion of cables at higher temperatures than were previously 
thought safe. The experience of the central station 
men indicates that low-voltage cables may be operated 
at higher temperatures than were considered safe a 
few years ago. Whether this experience should be 
the basis of a modification of the existing rule, is a 
matter for debate. 

It is to be hoped that the operating experience of the 
central station men will be satisfactorily correlated 
with the laboratory work of the manufacturers before 
a'new standard is established. 
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PERMISSIBLE OPERATING TEMPERATURES 
OF IMPREGNATED PAPER INSULATION 
IN WHICH DIELECTRIC STRESS 

IS LOW 


BY PHILIP TORCHIO 

Chief Electrical Engineer, New York Edison Co. 


Abstract of Paper 

^ The _ writer reviews the effect of temperature on 
insulating materials, abstracting from the 1913 Stein- 
metz and Lamme report, and the 1905 British Engi¬ 
neering Standards Committee tests. Them he gives 
surveys of low-tension cables in large distributing 
systems, and special tests on cables including sheath 
cracking, high temperature tests, effect of bending on 
cables heated at high^ temperatures, distillation of 
cable compounds, ambient temperatures in subway 
duets as affected by thermal conductivity of concrete, 
amount of moisture in soil,^ different arrangements of 
duets and load factors at which the cables are operated, 
rrom this review, conclusions are derived that the 
1 operating temperatures are to be a function 
of the load factors at which the cables operate. The 
writer recommends 105 deg. cent., 95 deg. cent, and 
JO deg. cent, for load factors of 33 per cent, 50 per 
cent, and over 66 per cent, respectively. 


A LARGE amount of study has been given in the 
last seven years to the limiting temperatures of 
high-tension cables and the attendant dielectric 
losses. (For details, refer to A. L E. E. Trans., Vol. 
XXXVI 1917, p. 417-527). As these losses begin to 
increase sharply for voltages higher than 5000 volts 
around 70 deg. cent., for paper impregnated with vege¬ 
table compounds, and 80 deg. cent, for paper impregnated 
with mineral compounds, an arbitrary limit of''85 deg. 
cent, minus in thousand volts'^ was adopted in the 
Standardization Rules. With the preponderant feature 
of dielectric losses in mind, very little consideration was 
given to low-tension cables per se, so that the arbi¬ 
trary constant in "85 deg. cent, minus became 85 
deg. cent, for low-tension cables. It is the object of 
this paper to deal more intimately with low-tension 
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cables and to present results of extensive investiga¬ 
tions and special tests, together with a review of the 
results of long years of practise. 

1. Effect of Temperature on Insulating 

Materials 

In approaching the subject, it may be opportune 
to quote from the paper of Steinmetz and Lamme 

of 1913: . , , 

Paper iasulation wiU have a comparatively long life^ even 
at ultimate temperatures as high as 100 deg. cent. ■ 

materially higher temperatures than 100 deg. cent, the life is 
greatly shortened, and temperatures of 125 deg. cent, wil 
apparently ruin the insulation, from the mechanical standpoim, 
in possibly a few weeks, if such temperature is maintained steadily. 
However, for low voltages, insulating qualities may stilly be 
very satisfactory even at this temperature (125 deg. cent.) 

The 1913 paper of Steinmetz and Lamme had been 
written to present general information on behavior 
of different insulating materials used in construction 
of electrical apparatus and to furnish a basis for woik 
of the A. 1. E. E. Standards Committee, which cul¬ 
minated in the promulgation of the Standardization 
Rules in 1916. It is of assistance to us in discussing 
the problem to refer to these rules for the class of 
materials under which impregnated paper is classed, 

1. e., Class A insulation. The limiting temperature 
allowed by the Rules for Class A insulation is 105 deg. 
cent, continuous. 

2. British Standards Engineering Committee 

It may be of interest here to reproduce results of 
careful tests made in 1905 by the Engineering Stand¬ 
ards Committee of Great Britain. These tests, at 
the time the A. I. E. E. Rules were worked out, were 
probably the most comprehensive study then published. 
I am selecting from numerous tests on a great number 
of materials some that more closely approximate the 
condition of impregnated paper. 

The tests were made by subjecting the samples 
either to continuous temperatures or temperature over 
periods of twelve hours daily for several months up 
to nine months or one year. The samples were tested 
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for dielectric strength, shearing and bending. The 
shearing test was determined by the use of a punch of 
one-half inch in circumference, and determining the 
pounds pressure at which the samples broke. The 
bending tests consisted in taking a strip of the insu¬ 
lation sample and bending it over a series of cylinders 
of gradually decreasing diameters, note being taken 
of the cylinder diameter over which the fracture would 
first occur. 

A number of curves showing the results of the shear¬ 
ing and bending tests of various samples of insulation 
are presented. In either case, the total number of 
hours, with the heat on, was computed, omitting the 



Fig. 1—^Manila Paper—0.012 in. (0.3 mm.) 


hours when the heat was off, so that the abscissas 
represent the equivalent weeks of continuous heating. 

For the object of comparison, instead of giving the 
pounds test pressures for each sample, the shearing 
tests are plotted in per cent of the shearing strength 
of the unheated sample, taken as 100 per cent. The 
shearing curves in Pigs. 1 and 2 have been interpolated 
from results of two separate investigations on similar 
samples of Manila paper, extending approximately 9 
and 30 weeks, while th^ shearing curves in Figs. 3 to 6 
were obtained from tests taken at 12 periods through¬ 
out an interval equivalent to 26 weeks’ continuous 
heating. 

The bending curves in Figs. 7 to 14 are interpolated 
from the results of three separate investigations on 
similar samples extending 4, 9, and 30 weeks, respec- 
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lively. The ordinates of these curves represent the 
m ini mu m diameter of cylinders over which the samples 
can be bent without fracture, and they are interpolated 
for 75,100, and 125 degrees heating. 



Fig. 2—Manila Paper Varnished—0.014 in. (0.355 mm.) 


The bending curves for various materials cannot be 
compared directly as the bending test is a function of 
the insulation thickness which varies in each case. 
However, they are of interest to show the bending 
qualities of each sample as compared to its original 
unheated condition. In many cases, a fg-inch cylinder 
is shown as a minimum and most samples could be 
bent in the unheated state ten or more times over this 



Fig. 3—Empire Cloth~0.040 in. (1.016 mm.) 

cylinder without injury. For the large diameters, 
however, the curves represent a single bending. 

Fig. 1 gives the shearing tests on a sample of un¬ 
treated Manila paper of 12-mil thickness. The 
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shearing strength of the heated samples has been greatly 
reduced at the end of the 30th week over the unheated 
sample; the percentages being 49, 25, and 19 for the 



Fig. 4 —Calico Impregnated with Elastic Insulating 
Varnish— 0.016 in, (0.406 mm.) 

75,100, and 125-deg. cent, heating, respectively. Cor¬ 
responding to the shearing curves in Fig. 1 are shown 
the bending curves of Manila paper in Fig. 7. The 
unheated sample could be bent over a ^^-inch cylinder 
ten or more times without injury. After being heated 
for 30 weeks, the sample could only be bent around 



Pig. 5—I. R. Prepared Duck—0.027 in. (0.686 mm.) 


cylinders of 13 ^- and 2-inch diameters for the 
75,100, and 125-deg. heating, respectively. 

Fig. 2 gives the shearing tests of a sample of varnished 
Manila paper of 14-mil thickness. (Only the 75 and 
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100“deg. cent, curves have been drawn as the 125-deg. 
points seemed somewhat irregular. The values are, 
however, the average of several tests taken on different 



Fig. 7 - —Plain Manila Paper—0.011 in. (0.23 mm.) 

part of each specimen.) After being heated for 30 
weeks at 75, 100, and 125 deg. cent., these varnished 
Manila paper samples had values of shearing strength 
equal to 71, 68, and 81 per cent respectively, of the 



Fig. 8—Manila Paper Varnished—0.014 in. (0.355 mm.) 
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unheated sample. Their shearing strength is, there¬ 
fore, retained to a much greater extent than in the 
untreated Manila paper samples. 

Corresponding to the shearing curves for varnished 
Manila paper shown in Fig. 2 are the bending curves 



Fig. 9—Canvas Varnished^—0.0157 in. (0.40 mm.) 

shown in Fig. 8. The unheated sample could be bent 
around a 3€-inch cylinder without injury, while the 
samples heated at 75, 100, and 125 deg. cent for 30 
weeks could only be bent around cylinders of 1J4-, 
234- and ■334-inch diameters, respectively. 

Only rough bending tests were taken on samples 
whose shearing curves are shown in Figs. 3 to 6. 



WEEKS DURATION OF HEATING 

Fig. 10— Beerite Fabric —0.013 in. (0.33 mm.) 

They were bent to and fro, and note taken as to whether 
they cracked or broke. 

Fig. 3 gives the shearing tests for empire cloth. The 
sample was destroyed at the end of the 20th week at 
100 deg. cent., while the sample heated at 125 deg. 
cent, was destroyed at the end of the 11th week. 

Fig. 4 gives the shearing tests for a sample of calico 
impregnated with elastic insulating varnish. The 
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75-degree sample broke on bending at the 20th week; 
the 100-degree sample at the 4th week; and the 125- 
degree sample at the 2nd week. 

Fig. 5 gives the shearing tests for a sample of 1. R. 
prepared duck (reinforced rubber). The 75-degree 
sample was practically unaltered at the end of the 
26th week. The 100-degree sample showed only 43 
per cent of its shearing strength for the same time, while 



Fig. 11— Excelsioe Linen— 0.0063 in. (0.16 mm.) 

the 125-degree sample broke on bending at the end of 
the 24th week. (On the same figure are shown the 
shearing values of untreated canvas of 9-mil thickness, 
heated at 75, 100, and 125 deg. cent, for 30 weeks). 



Fig. 12 Excelsior Paper— 0.0047 in. (0.12 mm.) 


Fig. 6 gives the shearing tests for a sample of press- 
spahn. The 75-degree sample cracked on bending at 
the 26th week, but was practically unaltered up to the 
22nd week. The 100-degree sample cracked on bend¬ 
ing at the 20th week, while the 125-degree sample broke 
on bending at the end of the 2nd week. 

Bending tests of other samples of insulation, such 
as varnished canvas, Berrite fabric, press-spahn, and 
oiled cloth, are shown in Figs. 9 to 14 inclusive. 


1921] OPERATING TEMPERATURES 115 

In general, treated Manila paper compares very 
favorably in shearing strength with other t 3 T)es of 
vegetable fibrous insulation, and it also has the same 
general bending characteristics. Varnished Manila 
paper of 14-mil thickness, at the end of 30 weeks’ 
heating at 100 deg. cent., still had a shearing strength 
of 68 per cent of the unheated sample, and could be 
bent around a cylinder of 2i^-inch diameter, while the 
same temperature destroyed a sample of empire cloth 
at the 14th week, of I. R. prepared calico and press- 
spahn at the end of the 16th week, and of varnished 
calico at the end of the 18th week. 

In practically all samples, the dielectric strength 

showed hut small deterioration until mechanically des¬ 
troyed. 



3. Application to Cables 

Having before us these results of different insulating 
materials, we may review their limitation to specific 
uses by applying our engineering judgment. It is, 
of course, difficult to make an exact comparison of 
the conditions under which insulating materials are to 
operate in the great variety of apparatus to which 
they are applied. 

However, we may start from the point that impreg¬ 
nated paper, under the A. I. E. E. Standardization 
Rules as Class A insulation, is good for 105 deg. cent, 
continuous. It is not here the case of discussing 
whether this limit is too high or not. Personally, 
after studying similar data as given in the British 
Committee tests, from which I have abstracted the 
lew illustrations in the foregoing paragraphs, I feel 
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that 105 deg. cent, is too high if applied continuously; 
but to this I shall make reference later. For the pres¬ 
ent, we may assume that impregnated paper as Class A 
insulation should withstand safely 105 deg. cent. If 
such is the case, what consideration would prevail to 

modify this limit on account of the possible different 

$ 

conditions that might exist in cables versus other 
electrical apparatus like armature coils, et cetera? 

3a. Reasons Advanced for Low 
Temperature Limits 

The principal reasons advanced for adopting lower 
temperature limits than 105 degrees cent, for cables 
have been two: . s 

1. That the compound in the cable, when warm, 
may leave the paper, especially when the cable is 



Fig. 14 —Oiled Cloth— 0.0087 in. (0.22 mm.) 

installed in inclined ducts, with a tendency to flood the 
lower portion of the cable and to leave the upper part 
of the cable dry. 

2. That cables are oftentimes removed from sub¬ 
ways for reinstallation in other locations and, there¬ 
fore, if the paper becomes brittle, it would crack inside 
the lead sheath. 

Another reason for advocating the lower tempera¬ 
tures is that the expansion and contraction of long 
lengths of large size lead-covered cables may cause crack¬ 
ing of the lead sheath at sharp bends in manholes. 

Bb. The Relation of Temperature Limit 

TO Load Factor 

It is now my purpose to present data to prove that 
these reasons are insufficient to make an exception to the 
Sta,ndards Rules for Class A insulation for 105 deg. cent 
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for low-tension cables; but before presenting these 
facts, I want to emphasize the point that while in 
machinery the 105-degree allowable limit is reached 

on^ th^otr'^? operation of the apparatus; 

on the Other hand, low-tension cables, as usually used 

m large distributing systems, are not subjected to the 
maximum temperature except for short periods of time 
so that in such cases the 105 deg. cent, for 
the low-tension cables is immeasurably safer than the 105 
deg. cent, for machinery, which may operate at that 
temperature continuously or at least for periods of 
eig or en hours each day. Anticipating my con- 
c usion, I will broadly state that the limiting tempera¬ 
ture should ^be a function of the load factor (average 
load to yearly maximum) under which the apparatus 
IS to operate, so that if the apparatus, either cable or 
machinery, is to operate for long hours at full load, the 
imiUng temperature should not exceed say 90 deg, cent. 
while on the other hand, if the cable or machinery is to 
operate for a short number of hours at heavy load and 
then be subjected to a long period of cooling, as oc¬ 
curs on cables m large systems of distribution, the 
limiting temperature for the peak loads should be 

raised, and the 105 deg. cent, limit should be standard¬ 
ized. 


4. Surveys and Tests 

I herewith submit conclusive evidence of the fact 
that 100 deg. cent, to 110 deg. cent, are safe and 
standard in practise in large subway and distributing 
systems. The evidence consists of (1) results from 
obseiwations obtained by wide and close scrutiny of the 
physical and electrical conditions of all the low-tension 
cables of a large electric power company. The New York 
Edison Company; and (2) results of speS tests 
carried out by engineers and laboratory men. 


4a. Field Surveys 

Investigations of a very thorough and exhaustive 
character were prompted by three occurrences, un¬ 
precedented in the history of the company, of serious 
short circuits of low-tension cable feeders. These 
occurrences were at first unexplainable and therefore 
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were highly perplexing to the managers and engineers. 
The coincidence of these disturbances at the 
period of the winter of 1919 when the company 
was called upon to furnish an unprecedentedly and 
unexpectedly heavy increase in power demand, caus¬ 
ing the low-tension cables to carry heavier loads than 
customary in any previous year, naturally led one to 
suspect that the cable insulation might have been 
damaged. 

The results of the physical inspection of all cables 
showed that a number of 1,000,000-cir. mil concentric 
feeder cables, not necessarily carrying heaviest loads, 
but in congested banks of ducts, had their sheaths 
cracked near the edge of the ducts and at sharp bends 
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Fig. 15—Maximum Tempeeatures—Cable Sheath Crack¬ 
ing Test 

in manholes where the movement of the cables, due 
to expansion and contraction,. was impeded. These 
cracks extended to the insulation,, leaving an open 
path for moisture and water to reach the copper and to 
cause a local short circuit, which would endanger the 
neighboring cables and cause manhole explosions. 
It is not here the place to enter into a description of 
ways and means developed to securely protect the 
system from these dangers of low-tension cable short 
circuits, but what is of vital interest is the fact that 
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not a foot of cable was found with impaired insulation 
outside the point of the crack or burn-out at the short 
circuit. That is, that cable a few feet from the burn¬ 
out, and all the rest of its length, was thoroughly 
sound and undamaged. 

4b. Sheath Cracking and High- 
Temperature Tests 

One of the numerous special tests carried out in the 
comprehensive study of the subject throws additional 
light on the findings of the physical inspection of all 
the cables on the system. We made a series of tests 



JULY 3rd, 


Fio. 16 —Cable Sheath Cbackinq Test 
800-Ampere d-c. run 


on four 278-ft. lengths of cables installed in ducts be¬ 
tween manholes connected in series, with bends and 
splices to simulate actual conditions. The object was 
to determine loads, temperatures, and expansion of 
cables at which the sheaths would crack if the cables 
were submitted to specified cycles of eight-hour’ load 
and sixteen-hour no-load for periods of weeks, ex¬ 
tending over two months. Temperatures of shkths 
were taken by thermocouples and the inner copper 
temperatures calculated, using the Atkinson constant of 
thermal resistivity of 354, which we have independentlv 
checked and which seems to be approximately c^ect^ 
r ig. 15 gives the maximum temperatures for lead sheath 
and inner copper for the difl^erent thermocouple loca¬ 
tions a,t a 1250-ampere run. Figs. 16, 17 and 18 give 
characteristic runs at 800,1000, and 1250 amperes con¬ 
tinuous load for eight hours. Inner copper tempera- 
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tures at location of thermocouple No. 20 for the full 
period of test are graphically represented in Fig. 19. 
From the diagram, it appears that the insulation at the 
point '‘thermocouple No. 20^' withstood the following 
temperatures: 


Inner Conductor 
Temperature (Degrees C.) 

Hours 

Remarks 

Less than 85 

73 

Hours of tests with current on 

85—90 

13 

—exclusive of hours of cooling 

90—100 

26 

with current off. 

100—110 

37 


110—125 

88 


125—150 

36 


Over 150 

169 


Total duration of test 



periods 

442 



The sample of cable at location "thermocouple 
No. 20'" showed its insulation in good condition, the 
inner insulation being darkened and of considerably 
reduced tensile strength, but yet in perfect condition 
for indefinite service, notwithstanding the fact that 
the insulation operated at over 110 deg. cent, for 293 



Fig. 17~-Cable Sheath Cracking Test 

1000-Ampere d-c. run 


hours; temperature of over 125 deg. for 205 hours; 
and temperature of over 150 deg. for 169 hours. 

At other locations, the maximum temperature 
exceeded the temperature noted for location “thermo¬ 
couple No. 20.” (See Pigs. 15 and 18). At thermo- 





»(• “®^‘' “if '■®el after two minufns 

at 6000 volts. Balance portion retested with results In second line “ 

cable lengths were subjected to regular factory volt¬ 
age and insulation tests, with the following results' 

T n* rti.. withdrawing and re¬ 

handling of this cable, which had been subjected to 
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such high temperatures, in excess of 200 deg. cent, 
over 98 per cent of the cable was still in such fair 
condition that it would have been reinstalled, if the 
lot had. come from ordinary withdrawals. The insu¬ 
lation of this cable that, at thermocouple No. 20, 
withstood for 169 hours temperatures of over 150 deg! 
cent., must have been immeasurably more affected than 
if the temperature had been limited to 105 deg. cent, 
for a great number of years of service during the winter 
peaks as prevailing on large systems of distribution. 
(Tinie does not permit of figuring out the total hours 
of high, average, and minimum temperatures engen¬ 
dered by the characteristic load curves for different 
seasons of the year; but for any one interested in the 

10095) 
90‘/o 

soro 

7095 ) 
60 'fo 
5095 ) 

Fig. 20 

subject, I attach diagrams of. average daily output 
throughout the year, and characteristic load dmgrams 
for each season of the year, as per Figs. 20 and 21). 
The point that may be made here is that the operation 
of a cable at 105 deg. cent., in ordinary systems of 
disti ibution, will not prevent the cable from being re¬ 
moved and reinstalled without injury. 

4d. Other Companies’ Experience 

The experience of several large companies, like The 
New York Edison and Commonwealth Edison Com- 
pany of Chicago, who have operated for the last twenty 
years a substantial number of their cables at loads 
producing temperatures of 100 to 110 deg. cent, dur¬ 
ing the winter ■ peaks, proves without question that 
these seasonal temperatures for periods of peak loads 
have not impaired the cable or its insulation for 
occasional withdrawal and reinstallation any more than 
on cables of the same age which have never sustained 
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but lower temperature. The hardening of the oil in 
the insulation which, as we have seen, takes place if 
temperatures of 100 deg. cent, and over are sustained 
continuously for periods of several months, will either 
not take place at temperatures of 105 deg. cent, ap¬ 
plied only for short periods for certain seasons of the 
year; or if any hardening takes place, the process 
will extend over long periods, exceeding 15 or 20 years. 
At the ends of these periods, it is improbable that any 
substantial amount of such cable will still be required 
for reinstallation, if removed, but if the lead sheath is 
intact, the tests on the sample cables submitted to 
almost destructive temperatures have shown that the 


% 


<’/o 


Fig. 21 



cabiG can still bG rGGlcd and rc-rGclGd without dGstroy- 
ing its efficiency for service both as to dielectric strength 
or insulation resistance j in practise, the aging and 
deterioration of the lead sheath, due to chemical action 
electrolysis, et cetera, will be the 'paramount factor 
in the life of low-tension cables. 

Regarding the question of the corapound leaving 
the insulation, I think it can be dismissed by consider¬ 
ing the fact that this migration of compound, will only 
be partial, and whatever remains of the compound 
with the paper still offers a factor of safety in dielectric 
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strength from ten to twenty-five times the low-tension 
operating voltage. 

The difficulties of lead sheaths cracking in large 
sized cables are essentially problems of careful instal¬ 
lation and handling of the cable. In the sheath crack¬ 
ing test, we have been unable to produce cracking 
under the extraordinarily severe conditions of tem¬ 
peratures which gave expansions as large as 8 inches in 
278 feet. In practise, with 105 deg. cent, tempera¬ 
tures, the expansion would only be inches. 

5. Distillation Temperatures op Cable 

Compounds 

The question has also been raised that the compound 
might distil or vaporize at temperatures of above 
100 deg. cent. An exhaustive investigation was made 
by The New York Edison Company to determine 
the effect of temperature on cable impregnating mate¬ 
rials. The results of laboratory tests carried out by 
the Electrical Testing Laboratories indicated that the 
mineral compound gave the first drop of distillate at 
205 deg. cent. A supplementary investigation was 
made to determine if the compounds would distil any 
appreciable amount at temperatures below 200 deg. 
cent, when exposed to these temperatures for long 
periods of time. No distillate, however, was obtained 
for either mineral or resin compounds after being 
maintained successively at temperatures of 115, 130, 
145 and 160 deg. cent, for three days. Similar re¬ 
sults were obtained when the temperature was main¬ 
tained at 180 and 200 deg. cent, for 24 and 36 hours. 

To further determine if the increasing temperature 
produced any gas within the cable, an investigation 
was made with a test tube and the temperature raised 
from 100 to 200 deg. cent., an attempt being made 
to ignite the vapor above the surface of the compound 
at the different temperatures. In the case of the min¬ 
eral compound there was absolutely no tendency to 
ignite throughout these temperatures. With the 
resin compound, however, it was found that the passage 
of a spark at a temperature of 145 deg. cent, caused 
the vapor to explode, this action continuing up to 
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160 deg. cent, beyond which no further explosions took 
place as the temperature was raised to 200 deg. cent. 
These tests conclusively dispose of the possibility of 

danger from all compounds operated at temperatures 
below 125 deg. cent. 

6. Vital Importance of Ambient Temperatures 

IN Subway Ducts 

Before making the final recommendations, I wish to 
bring out a point of importance, that the operator 
must carefully study the temperatures under which 
the cables will operate when placed in subway ducts, 

especially when the trunk lines contain many ducts 
and cables in one bank. 


The paramount importance of carefully surveying 
the ambient temperature conditions in ducts is shown 
in Fig. 22 giving the relative allowable losses for a 
given temperature on each cable with different duct 
arrangements. In the figure, the losses in a bank 
of two by two ducts are assumed as 100 per cent. 

The actual values of losses allowable per duct-foot 
will vary greatly according to the load factor, the 
thickness of the concrete wall surrounding the bank of 
ducts, and the amount of moisture in the soil. The 
thermal conductivity of concrete, as obtained by spe¬ 
cial tests by The New York Edison Company, is shown 
in Fig. 23, which also represents a compilation of re¬ 
sults obtained by other authorities for different thick¬ 
nesses of concrete. The variation in conductivity with 
thickness is probably due to the fact that surface 
drops were also involved. 

The^ thermal conductivity of the soil under various 
conditions of moistijre was determined with the fol¬ 
lowing results: 


Dry sand... .. 90 

Natural soil (approximately 6 per cent moisture) 39 

Natural soil with 9 per cent moisture added.. ... 19 


deg. cent, 
per watt, 
per inch 
cube 


7. The Recommendations for Temperature 

Limits 

After having reviewed all of the foregoing data, 
including the Steinmetz and Lamme report, the British 
Engineering Standards Committee tests, the surveys 
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of large ^ operating companies, and all special tests 
and findings herein presented, I submit that the per¬ 
missible operating temperatures of impregnated paper 
insulation, in which dielectric stress is low, are to be a 
mnction of the load factor at which the cable operates. 
Thp load factor for cables used in systems of distri¬ 
bution IS intended to be the ratio between the yearly 
average load and the maximum load on the cable. 
It IS certain that a load factor of say 33 per cent with 
seasonal winter peaks and correspondingly smaller 
maximum loads for the rest of the year 4l prXe 
an average temperature on the cable considerably be¬ 
low 85 deg. cent., so that a limit of say 105 deg. cent, 
a peaks 33 per cent load factors is unquestionably 
safer than 85 deg. cent, continuously, as allowed by 
the present Institute Rules. The proposed plan cor¬ 
responds with the well established practise of rating 
electrical apparatus at a temperature rise of say 40 
deg. cent, for continuous loads and from 55 to 65 
deg. cent, for two or three hours overload. Machinery 

so designed has given excellent service for the last 25 
years. 

^ I should suggest for consideration for impregnated- 

fu?ct?JTi?’^r“i f temperature limits in 

unction of the load factor of the cable, as follows: 


105 deg. cent, for load factors around 33 per cent 

90 “ “ » « I “ fOPe'-eeat 

over 66 per cent 


The suggested temperature limits may perhans 
be presented in a more general form by working back 
^rom the load factors to corresponding values of rise 

of the most / undamental in the determination 

per the Kelvin law which prescribes lower current den- 

ZrJ ^^'^^ 9 uently lower losses and smaller tempera¬ 
ture rise the greater the load factor. This gives a\al- 

between economy and heat stress upon 

Iis“ed 1 ?°^^ r® principle to be estab- 

ed IS that the limiting temperature must be lower 
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the greater the number of hours the insulation works 
at that temperature. 

The shortcomings of the present Rules are that for 
cables they do not allow any rise of temperature for 
brief overloads above the 85 deg. cent, which is the 
limit for continuous operation, while they allow, for 
the same type of insulation in machinery, 105 deg. 
cent., continuous. 
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PERMISSIBLE OPERATING TEMPERATURES 
OF IMPREGNATED PAPER INSULATION 
IN WHICH THE DIELECTRIC STRESS 

IS LOW 


BY D. W. ROPER 

Superintendent of Street Department, Commonwealth Edison Co., Chicago 


F or a number of years the standard low-tension 
direct-current feeder cable in Chicago was 1,000,- 
000-cir. mil two-conductor concentric paper-in¬ 
sulated cable with three pressure wires laid up with the 
outer conductor. Apparently there has been the 
greatest tendency to overload this particular size 
of cable more than any other as, with both single and 
concentric cables in service, it was difficult to make a 
proper distinction between the carrying capacity of 
the two kinds of cables. About ten years ago we had 
two cases in which the cables of, this kind were called 
upon to carry loads somewhat larger than had been 
customary, and steadily throughout the day instead 
of a short peak in the evening. The two customers in 
these cases, in different portions of the city, were both 
manufacturing customers with an eight-hour load, and 
on account of some increase in business they increased 
their load on short notice when no cable was available for 
another feeder to their premises. In each case, the 
cable has to be ordered from the factory so that this 
unusual load was carried by these cables for some three 
or four months. In the first case of this kind we were 
so disturbed about the temperature that we made a 
rather extended series of temperature measurements, 
using one of the pressure wires imbedded in the outer 
conductor as a resistance, and determining the temper¬ 
ature by the rise in resistance. This, of course, would 
give us the temperature of the outer conductor which 
would be probably 8 or 10 deg. lower than the inner 
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conductor. The temperature measured in this manner 
was slightly above 100 deg. cent., and as there was some 
doubt ^ regarding the accuracy of the determination 
made in this manner, it was checked by cutting a small 
hole in the lead sheath of the cable and in the outer 
insulation, and measuring the temperature of the outer 
copper with a thermometer. The temperature taken 
in this way checked very closely with the temperature 
as determined by the rise in resistance of one of the 
pressure wires. The insulation removed in this man¬ 
ner was carefully preserved and compared with the 
insulation in a piece of new cable, and it was impossible, 
by careful examination, to discover any appreciable 

In the second case which occurred some months 
later, we were not so disturbed about the damage to 

e insulation, although the load carried per cable was 
approximately 10 per cent heavier thdn in the first 
case. The temperature measurements were on this 
account omitted. The line was carefully patrolled 
several times per week, however, in order to detect 
any symptoms of impending trouble and a number of 
minor mechanical defects in the lead sheath were dis- 

iSded the time that this cable was over- 


In each of the above mentioned cases the service 
over these cables was discontinued, a few years after 
tta penod of ovorload, due to the custouiie l^r 
to another location. The cables were, therefore r^ 

iVm!i ^ the insulation found to be 

lodtito*'"'''^ reinstalled at another 

Messrs. Clark & Shanklin in their paper on “High- 
Tension Smgle-Conductor Cable,” presented before 
the Institute on June 24th, 1919h give some data for 

heatif^irhor'^f 

neatmg and hot-spot conditions. The authors of the 
paper advje that the figures for average heating wSe 

tions^anf tS^^^ — ^ ^ ohserva- 

dXa^L? these 

data a ppears to cheek fairly well with our experience 

1- Vol. XXXVIII, p. 944.: 
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With the sizes of cables under discussion. In later 
years 1,000,000 and the 1,500,000-cir. mil single¬ 
conductor cables have been our standard sizes for low- 
ension direct-current feeders. The carrying capae- 
ities of these several sizes of cable as determined from 
the Clark and Shanklin data for average conduit con- 
ditions and for a maximum copper temperature of 
100 deg. cent, are as follows: 

Load per conductor 

—.. ____ Amperes 

1, 000 , 000 -cir, mil single conductor. mn 

1,500,000-cir. mil single conductor 1360 

1 , 000 , 000 -cir. mil concentric...... * 

o nnn 7or"a 

2 , 000 , 000 -cir. mil single-conductor cable. 

Our records indicate that a considerable percentage 
of all of our low-tension feeder cables will exceed these 
figures for a few hours each night during a month or 
two of the maximum load period in the winter. 

wJn ^^e September, 

1920 Journal of the Institute gives the data for cal¬ 
culating tempera,tures of copper conductors in cables 
y an entirely different method. For the purpose of 
calculating the maximum temperature by the Atkinson 
method, the air temperature in an idle duct in the con- 
duit in which the cables are installed and the load ear¬ 
ned by the cable are necessary. During the past 
few months we have made a number of temperature 
surveys and have calculated maximum copper temper¬ 
atures by the Atkinson method, and have made curves 
0 temperature over a number of consecutive days in 
some of our heavily loaded conduits. .These curves 
show that the rninimum temperature occurs Monday 
morning after the light loads on Saturday afternoon 
and Sunday, and further that there is a gradual in¬ 
crease in the maximum daily temperature from Monday 
imtil Friday. It is, therefore, a rather tedious job to dis¬ 
cover from such tests and from our load records the 
total length of time during any given period that the 
copper temperature has exceeded any specified figure 
on any particular cable._ The results obtained to 
date by this method indicate the maximum copper 
temperature of our low-tension feeder cables in the 
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large and crowded conduits immediately adjacent 
to the substations is generally higher than 105 deg. 
cent., and in a number of locations considerably ex¬ 
ceeds this figure for several hours per day for each of 
five days in the week during the winter months. 

In one or two cases where, in the case of our older 
substations, we have 20 or 24-duct conduits leaving 
the substations with nearly all ducts occupied with 
loaded feeder cables, vacant duct temperatures of 
approximately 100 deg. cent., are found for a short 
time on Friday afternoon during two or three weeks 
in December. Such idle duct temperatures, together 
with the load readings, indicate by the Atkinson method 
a maximum temperature approaching 200 deg. cent, 
on the inner conductor of a concentric cable. One of 

the concentric cables in this conduit was removed 

* 

and examined for the purpose of this investigation, 
and incidentally an opportunity was afforded to re¬ 
port on one item not scheduled. Upon removing this 
section of cable, a hole about one inch in diameter was 
found in the lead sheath about eight inches from the 
mouth of the duct. It had apparently been caused 
by the sheath catching on the edge of the duct when 
the cable was installed without being noticed by the 
workmen. In the immediate vicinity of this hole, the 
paper insulation is not only quite black but also quite 
brittle, so that it breaks very readily when handled. 
At another point thirty feet away, the paper insula¬ 
tion, while slightly darkened, is still well filled .with 
compound, and pliable, although it has lost some of 
its strength. From the information secured from this 
sample of.cable and from other samples secured from 
similar crowded conduits in the vicinity of large sub¬ 
stations, I think that we may reasonably conclude that 
when the copper of one of the low-tension cables on 
our distribution system reaches a maximum tempera¬ 
ture of 180 deg. it is being heated beyond a safe limit, 
and deterioration of the insulation will result; and 
further, that the deterioration will be greater if there 
are holes in the lead sheath at the point where such 
temperatures are reached. 

During the past year in connection with changes 
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on our distribution system, we have removed con¬ 
centric cables from locations where records and sub¬ 
sequent examination into the conditions indicate that 
the maximum copper temperature must have materi¬ 
ally exceeded 100 deg. cent., but the exact amount can¬ 
not be definitely stated. We do know, however, 
that in such cases the insulation has been found in 
good condition, so that the cables have been reinstalled 
and placed in service at a different location. 

The time during which the maximum temperature 
is maintained has undoubtedly a considerable bearing 
on the subject. We know, for example, that the 
insulation next to the lead sheath of a new cable shows 
no sign whatever of damage by heating, although the 

lead is applied at a temperature which probably ex- 

« 

ceeds 300 deg. cent. We know, also, that when our 
cables are suddenly overheated because of a bum-out 
at a more remote point from the source of supply, 
that the insulation shows no indication whatever of 
damage, although the temperature of the copper must 
have considerably exceeded 100 deg. cent, for a short 
period. It is apparent, therefore, that not only due 
consideration should be given to the time during which 
the maximum temperature of the copper persists, but 
also that in an operating system it is not possible to 
determine the maximum safe limit exactly, as the 
temperatures are continually changing and it is not 
possible under working conditions to maintain any 
particular maximum temperature for any considerable 
time. Apparently the best that can be done is to de¬ 
termine the maximum temperature and also average 
curves showing the number of hours per year that 
temperatures near the maximum are maintained. 
From an examination of the insulation of cables 
corresponding to a number of such curves we should be 
able to establish, first: A lower limit at which the 
insulation will not be injured, even when the tempera¬ 
ture is maintained for long periods of time; and second: 
An upper limit above which we know that the insula¬ 
tion will be injured if such temperature is maintained 
for any considerable time. From the information so 
far obtained in Chicago, the best that can be done is 
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to place the lower limit at about 110 deg. cent, and the 
upper limit at about 180 deg. cent. It is recognized 
that these limits may be too widely separated to be of 
material value in the settlement of the question at 
issue, but it is hoped that as further investigations 
are made, additional information will be forthcoming 
which will serve to bring these limits within a nar¬ 
rower range. 
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NOTES ON THE EFFECT OF HEAT ON 
IMPREGNATED PAPER FROM CABLE 

INSULATION 


BY WALLACE S. CLARK 

General Electric Co.. Schenectady, N. Y. 


T he tests outlined below were made to determine 
at what temperature marked deterioration in 
the paper of impregnated paper cable took place. 
There are many shots well off the target in these re¬ 
sults, although the average was determined from some¬ 
thing over six hundred readings. Anyone who is 
familiar with the manufacture of paper and with the 
handling of it, knows the wide variation which occurs 
in different parts of the same sheet. The maximum 
tensile strength in a series of tests is frequently twice 
the minimum. 

The first series of tests was started in December, 
1917, and completed nine months later. 

The sample was three-conductor cable, lead-jacketed, 
4 ft. long, with 00 cylindrical conductors, saturated 
with a compound composed of resin and petrolatum. 
The paper wall on the individual conductors was 
9/82 in. of 0.005 Manila paper and the overall jacket 
was 7/32 in. of 0.008 Manila paper; lead jacket J/|in. 
The sample was cut from a cable coming through in 
the regular course of production and was representa¬ 
tive of ordinary manufacturing practise. 

A narrow section was cut off and six strips of paper 
from the outer jacket were unwound and tested for 
tensile strength. The distance between jaws was ap¬ 
proximately 7 in., rate of separation 20 in. per minute, 
average tensile strength 7343 lb. per sq. inch. Each 
end of the cable was then sealed and it was placed 
vertically in an oven. This oven had the following 
temperature cycle: 
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From 7 a. m., Monday, to 12 noon, Saturday, 
average temperature ran from 68 to 74 deg. cent. 
Steam was shut off at 12 oclock, Saturday, and by 
6 a. m., Monday, the temperature had dropped to 
30 deg. cent., when the steam was again turned on. 

At different times short sections were sawed off 
from the sample, and the sample resealed and put 
back into the oven. The results showed average 
tensile strength given in Table I. 


TABLE I 

Average Tensile Strength per Sq. Inch 


Not heated. 

1 mo. bake 

2 mos. bake 

4 mos. bake 

6 mos. bake 

7343 lb. 

7816 lb. 

7338 lb. 

7088 lb. 

8290 lb. 


The above samples were from the outer jacket. 
Samples of paper from the individual conductors 
showed similar results. Samples were also bent and 
twisted in the fingers to detect brittleness. 

The same sample that had the six months' bake, 
with each end sealed, was then placed in an oven at a 
temperature of 100 deg. cent. At the end of the first 
month the average tensile strength was 7240 lb. per 

sq. inch; at the end of the second month, 7173 lb. per 
sq. inch. 

Third Angle 



Fig. 1—Apparatus foe Making Break-Down Voltage 
Tests on Narrow Strips op Insulation—Plan and Elb- 

VATION 


In the spring of 1920 another test on the same size 
and insulation was undertaken. In this case, seven 
samples were cut from one length of cable coming 
through m regular production. Each end of each 
sample was sealed. Sample A was held as a cheek; 
sample B was heated for 30 days at 100 deg. cent.' 
sample C was heated 60 days at 100 deg. cent., sample 
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D—90 days at 100 deg. cent., sample E —30 days at 
110 deg., sample F—60 days at 110 deg., and sample 
G—90 days at 110 deg. On each of the paper samples 
a break-down test was made, using the so-called 
knife-blade apparatus shown in Fig. 1. 
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Pig. 2—Grips foe Machine foe Testing Tensile Strength 

OP Cable Paper 


Straight tensile strength tests were made, and in 
addition tensile strength tests were made where the 
stress applied to one edge of the paper was greater 
than the other. Paper was folded over the rollers of 
the grip shown in Fig. 2, the roller at one end being 


TABLE II 



Break-down 
volts per mil 

Breaking strain 
lb. per sq. inch 

Tearing strain 
lb. per sq. inch 

A —Jacket 

420 

9000 

6833 

Singles 

380 

9600 

6666 

B —Jacket 

375 

9000 

6833 

Singles 

340 

j 

10333 

7600 

C —Jacket 

320 

6666 

4500 

Singles 

410 

7600 

6466 

D —Jacket 

360 

7000 

3667 

Singles 

360 

6933 

4266 

E—Jacket 

333 

6833 

3500 

Singles 

360 

7200 

4666 

E —Jacket 

300 

5016 

2166 

Singles 

310 

6333 

3466 

G —Jacket 

300 

5000 

2500 

Singles 

320 

6333 

4133 
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slightly tapered, thus applying greater tension to one 
edge than to the other when the jaws were separated. 
The average results of these tests are shown in Table II 
We note from this table that the ratio of tearing 
strength io the average breaking strength in sample A, 
cable not heated after manufacture, is 0.72; in sample 
D, heated 90 days at 100 d.5g., 0.57, and in sample 
G, heated 90 days at 110 deg., 0.64. This shows 
definitely that the tensile strength of the paper de¬ 
teriorates less rapidly than its resistance to tearing. 
The higher rate of deterioration at 110 deg. cent, is 
clear and is well marked by comparing the results 
from sample D, 90-day bake at 100 deg., with sample E, 
80-day bake at 110 deg., the deterioration in 30 days 
at 110 deg. being practically equal to deterioration in 
90 days at 100 deg. From these results, we can say 
in a preliminary way, that deterioration at 70 deg. 
cent, is negligible; at 100 deg. is marked in 90 days; 
at 110 deg. is marked in 30 days, applying to the par¬ 
ticular quality of paper and impregnating compound 
which were under test. 

A load with a two-hour peak, allowing such peak to 
occur for 30 days in each year, would give 60 hours 
yearly operation at maximum temperature, which we 
will assume at 100 deg. cent. It is evident that the 
cable on this basis could he used for many years, 
operating at 100 deg. cent, as its peak temperature, 
before reaching the stage of deterioration obtained in 
the 90-day test at 100 deg. cent. It is, of course, 
impossible to state the exact time because we do not 
know the rate of deterioration at temperatures below 
100 deg. cent. 

Prom an examination of the cable and paper taken 
from sample G, there is no question in the writer's 
mind but that cable with paper in this condition would 
beperfectly safe for operation at low voltages. Further 
the writer believes that cable so treated could have 
been withdrawn from conduit and reinstalled. Briefly, 
the temperature limit fixed for the operation of a low- 
tension cable, to avoid undue deterioration, must take 
into consideration the length of time during which 
temperature is mairitained. 
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APPENDIX 

Tensile Strength 

The samples for testing are taken from the finished 
cable after it is leaded. In case of a multiple-conductor 
cable, part of the samples are taken from the overall 
jacket and part from each of the individual conductors. 
If the strips are over % in. wide, they are cut to 
width with a steel straight edge and a sharp pointed 
knife. The jaws of our testing machine will not take 
strips over % in. wide. The test strips should be 
about 12 in. long so that the distance between jaws will 
be about 7 in. When the strips are placed in the 
jaws, it is important that they are put in straight, 
so as to get a straight pull. The jaw travels at the 
rate of 20 in. per minute, the machine used being our 
standard rubber testing machine which registers the 
pounds pull when the sample breaks. 

Tearing Test 

This test is made the same as tensile strength except 
that the back roller in the traveling jaw has a taper 
of 0.025 in. per inch. When the tearing test is made, 
the straight roller is taken out of the movable jaw and 
the taper roller inserted in its place. 

Creasing Test 

• Samples of paper as described for tensile strength 
test are looped back on themselves and flattened down 
with a 10-lb. weight placed over the loop for a period 
of one minute, thus making a crease in the paper. 
This method is used in order to make a uniform crease 
in all samples. The strips are then straightened out 
and put into the machine using straight rollers in the 
jaws, and the tensile strength measured. 

The jaws used for making the tests are shown in 
Fig. 2. 
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THE EFFECT OF HEAT ON PAPER INSULATION 


BY H. W. FISHER AND R. W. ATKINSON 

Both of Standard Undergroand Cable Company 


Abstkact of Paper 

A discussion is given in detail of the mechanical prop¬ 
erties of paper especially as influenced by drying, heating, 
and impregnating. Tests for measuring^ the changes 
due tO’ these causes are discussed and it is shown that 
tensile tests are unsatisfactory for this purpose. _A 
measurement of tearing resistance is found to be satis¬ 
factory and two machines for this purpose are described. 
Measurements are given of rate of deterioration of 
paper at different temperatures^. The relation of 
these data to allowable operating temperature is 
considered. 

No discussion is given of the various causes including 
heating due to dielectric losses which affect the limiting 
temperature of high-voltage cables. 

The rapid increase of deterioration with temperature 
is shown. Emphasis is placed on the importance of 
not exceeding intended _ temperatures through lack 
of knowledge of conditions. 


I N a discussion of the limiting temperature for paper 
insulation of low-voltage cables, the matter for 
first consideration is the effect of high temperature 
upon the properties of the material. The principal 
importance of this effect lies in the reduction of the 
mechanical strength of the paper. In the case of 
low-voltage cable, the only changes in electrical proper¬ 
ties of importance are incidental to the mechanical 
changes and therefore a discussion of these mechanical 
changes forms a complete basis for consideration of 
temperature limitation. 

The deterioration of paper due to continued high 
temperature is not measured by change of tensile 
strength of the paper. The change is apparent in 
reduced ability to withstand tearing forces, or bending 
or folding. Satisfactory study of aging of paper can 
be made only with the use of suitable apparatus for 
measuring one or more of these properties. This 
article includes description of instruments for this 
purpose as well as data of a considerable number of 
tests made on paper, after various kinds of heat treat¬ 
ment, as described. 
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Following the report of experimental data is a dis¬ 
cussion of the question of temperature rating of this 
class of insulating material. The effect of high temper¬ 
ature upon the impregnating medium is not considered 
in detail except in-so-far as the rate of deterioration of 
the paper may be influenced by the medium. 

If a quantity of paper of uniform quality is subjected 
to a high temperature and successive samples are 
taken from it, from time to time, it will be found that 
the successive samples differ progressively in ability 
to withstand tearing between the fingers, or to with¬ 
stand without breaking, creasing or bending. The 
first effect noticeable is the greater ease with which the 
paper is tom. Later samples may not be creased with¬ 
out cracking. With a further degree of deterioration, 
it is^ actually not possible to bend the paper an ap¬ 
preciable amount without breaking. A still further 
amount of aging produces a material which crumbles 
to a powder. If the successive samples of paper are 
subjected to a tensile test made very carefully so as to 
avoid injury of the nature of incipient tears, or un¬ 
equal tension on the specimen, it will be found that 
even those samples which show an evidently reduced 
ability to withstand tearing, will have as high a ten¬ 
sile strength as originally. In a number of samples 
which have been subjected to high temperature for 
sufficient time to produce a very marked decrease in 
tearing resistance, it will be found that, even though 
the tensile tests are made very carefully, there will be 
a vdde variation in the strength measured for the in¬ 
dividual samples. The maximum readings may be 
practically as high as the original strength of the paper, 
though tests on other individual samples fall as low as 
40 or 50 per cent of the original value. The fairly 
apparent cause of this condition is the great difficulty 
of obtaining an actually fair tensile test on the very 
brittle material so that only an occasional specimen 
will show the real tensile strength of actually something 
near the original value. Of course, as deterioration 
is increased still farther there is an actual reduction in 
tensile strength as well as in loss of tearing resistance 
We may now consider the essentials of a suS 
method of measuring aging. The requirements are 
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not peculiar to this particular measurement, but they 
are very frequently overlooked and it is well to make 
a specific mention of them so as to make a clearer 
examination of testing methods with these require¬ 
ments in mind. 

The first requirement is that the property measured 
is actually a measure or at least an indication of the 
usefulness of the material to meet the required service 
conditions. 

The second essential of the method of test is that it 
shall permit definite distinction between samples 
which are different only in a slight degree. That is, 
the difference in the measurements of two such samples 
must be large in comparison with the variations in the 
measurements on samples which are identical. This 
constitutes effective sensitivity. 

The third requirement is that the measurements be 
such as to be capable of permanent record and prefer¬ 
ably of a definite quantitative form. It is in this 
particular that the tearing test by hand is unsatis¬ 
factory though it meets the first requirement and, to a 
fair extent, meets the second one. 

We believe it is fairly generally recognized that a 
tearing test by hand meets the first requirement, that 
is, it measures or indicates the usefulness of paper to 
meet the service conditions of cable practise. It is 
well-known in the art that paper containing only the 
amount of moisture normally present when exposed 
to the dry air prevalent indoors in winter time, is much 
more difficult to run in cable wrapping machines than 
is paper exposed to the high humidity prevalent in 
summer weather. Also, it is recognized that if paper 
insulation is damaged by overheating after application 
to a cable, it is less able to- withstand handling and 
bending such as is incident to installation. 

Therefore, a method which shows progressive dif¬ 
ference with moisture content and with aging at high 
temperature, meets, at least as far as concerns these 
variables, the first requirement of a suitable paper 
testing device. In any event it fulfills this require¬ 
ment as far as concerns measurement of aging. It 
follows from what has been said that a measurement 
of tensile strength by the ordinary method is quite 
unsuitable from the standpoint of this first requirement. 
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From the standpoint of the second requirement, 
tests of tearing resistance even by hand are fairly 
satisfactory. Until very recent years, there has been 
no machine as suitable from this standpoint as the 
hand test. We will later describe two machines which 
are very satisfactory from this standpoint. The ten¬ 
sile test is unsatisfactory also from the standpoint 
of the second requirement. 

The difficulty in the way of securing consistent 
results with a tensile test, on account of acci¬ 
dental damage, etc., suggested the use of a method 
of testing by damaging the specimen in a certain 
definite way and then making a tensile test. Such a 
method of test was standardized by making a trans¬ 
verse cut in the paper for a distance equal to one- 
quarter of the width of the paper. Tensile tests were 
then made upon the modified samples. Somewhat 
more satisfactory results were obtained by noting the 
elongation of the specimen before rupture, than by 
noting the tensile strength obtained. This method 
was in use for some time but was never more than partly 
successful and has now been abandoned for methods 
described later. 

A machine for testing the tearing resistance of 
airplane fabric was given in a discussion by F. J. Hoxie 
at the annual meeting of the American Society of 
Mechanical^ Engineers in December 1919. We quote 
his very brief description: “Tear tests were made on 
a horizontal testing machine by cutting the specimens 
three in. wide and placing them in three in. jhws with 
one in. of cloth between the jaws at the front of the 
machine and three in. between them at the back.” 
We have seen this method applied on cloth with very 
satisfactory results. As the test was further developed 
a^ transverse cut was made in the cloth on the stretched 
side before applying the tension test. 

problem to that of paper is encountered 
in the insulated cable industry in the case of varnished 
cambric. It was found that frequently a high tensile 
strength was found on samples which were obviously 
inferior from the standpoint of use and also from the 
standpoint of tearing resistance as measured by hand. 
In the attempt to find a suitable machine for testing 
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this material, a type of machine much used in paper 
testing, a so-called “pop tester,” was tried. We 
were much surprised however to find that the results 
with this type of machine were quite in accord with 
the tensile tests and thus did not rank the material 
in the same order at all as its practical usefulness or 
as the ranking by tearing resistance as made by hand. 
The machine used for these bursting tests was one 
using liquid pressure against a rubber diaphragm 
which in turn pressed against a strip of the cloth under 
test. Tests of less extent made on paper showed 
similar results as far as they were carried. There 
is a published record of a similar experience of another 
experimenter with the use of this machine for testing 
paper. (H* N- Case in the JoutnoX of Industnctl and 
Engineering Chemistry, page 49, January 1, 1919.) 
It is interesting that this writer found the “bursting 
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test” machine, or “pop tester,” a useful addition to 
his testing equipment, but found that sometimes a 
desirable test condition is the combination of a high 
tearing resistance with a low test with the “pop tester.” 

In the same article is described a “home-made 
machine for measuring tearing resistance. Details of 
test results as used for determining usefulness of paper 
for various applications, are given. Fig. 1 shows the 
apparatus described and used by Case. method 
developed by the writers and describedj^below was 
suggested by the successful results obtained by Case 
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with his machine. Case's machine is also of interest 
in its close resemblance to the apparatus used by 
Mr. W. A. Del Mar, described in his paper presented 
at this symposium. 

Description is given in an appendix, of the tearing 
testing machine developed by the writers and on which 
was obtained much of the data reported herein. This 
machine differs in the most important degree from 
the machines of Case and of Del Mar in that the 



Fig. 2 


measure of the tearing resistance is made by the use 
of a spring as a dynamometer instead of by means 

of a weight in a pan. We refer to this instrument as 
machine No. 1. 

Just before the actual preparation of the manuscript 
of this article we secured a machine which seems to 
be practically an ideal instrument for measuring tear- 
ing resistance. The instrument, which is illustrated 
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in Figs. 2 and 3 and described in the appendix to this 
article, is made by the Thwing Instrument Company 
of Philadelphia. We refer to this instrument as 
machine No. 2. It is pertinent to remark that this 
machine is not a certain older type made by this con¬ 
cern and on the market for sometime. We have not 
had any experience with the older type. This machine 
No. 2 differs from all previously described instruments 
for measuring tearing resistance in that each single 
measurement of the machine determines the average 
tearing resistance over a considerable length of paper. 
On this account when measurements are made on a 
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uniform paper, individual readings differ by only small 
amounts and thus the average of a very few measure¬ 
ments can be repeated with great exactness on a second 
lot of similar samples. A further advantage of the 
machine is the facility with which tests can be made 
and the simplicity of the testing itself. 

Study of the tearing resistance test as we have made 
it with either No. 1 or No. 2 machine indicates that 
it is a very satisfactory method of comparison of similar 
samples, or of samples which differ in only one import¬ 
ant particular. Thus it is possible to rank accurately 
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samples from the same original lot, but differing at 
the time of test in moisture content, or in length of 
time subjected to various aging conditions. Without 
further evidence, however, it does not necessarily 
follow that two samples differing in several particulars, 
but giving the same tearing resistance, are equal in 
usefulness. Thus we might get the same tearing re¬ 
sistance on a sample originally of high resistance, 
but subjected to an aging test, as on a sample originally 
of poorer quality but not subjected to the aging test. 
Undoubtedly, the measurements of the instruments 
we have used are of very great value in making com¬ 
parison even under such an instance as this, but conclu¬ 
sions to be drawn from tests of samples from different 
sources and under different conditions must not be 
considered complete or final without a further analysis 
of the matter. 

Before describing recent tests made with the aid of 
a tearing resistance machine we will describe some very 
old tests made by one of the authors during 1905. 
These tests are of very considerable importance for 
two reasons. They constitute an important part of the 
basis for the present temperature rating of paper' 
cables. Second, though they are in agreement with 
some other tests reported by other observers, they 
point to materially different conclusions from most of 
the other tests reported in this paper. Suggested 
explanation of some of the difference is given later. 

In this series of tests, sealed samples of lead-covered 
cable were heated for a period of respectively one week 
and four weeks, one lot at a temperature of 100 deg. 
cent., and one lot at a temperature of 93 deg. The 
samples were submerged in a bath of melted paraffin, 
heated by a gas flame. The temperature was con¬ 
trolled by means of a thermostat (bi-metallic spring) 
which controlled a solenoid operating a valve control¬ 
ling the gas. The thermostat was sensitive enough ■ 
to respond to less than one-fifth deg. cent. When the 
temperature was lower than the setting of the thermo¬ 
stat,- it closed the circuit for the solenoid causing it 
to open a valve so that the gas flame was strong enough 
to raise the temperature to the setting of the thermo- 
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stat, after which the solenoid would release and reduce 
the gas flame to the lower limit and allow the tempera¬ 
ture to fall. 

It will be understood that, at the time of making 
these tests, there was not available any testing machine 
as good as a test of tearing with the fingers. The 
results of the test are however definite to a fairly 
satisfactory degree. The samples subjected to a 
temperature of 93 deg. for one week were not deterior¬ 
ated by an important amount. It was thought that 
some change had occurred, but no definite assurance 
of this was found. However the deterioration in four 
weeks’ time was so much that it was considered that 
we could not think of recommending operation at 
that temperature. The temperatures above, and 
throughout the paper, are in centigrade. 

The samples subjected to a temperature of 100 deg. 
cent, for one week were found to be badly damaged, 
probably about the same as those at 93 deg. in four 
weeks. Those subjected to 100 deg. for four weeks 
were found “rotten.” The paper was so stiff that it 
could not be bent without breaking. Later in this 
article, some comparison is made between these tests 
and more recent ones. 

These tests were reported in sub-committee meetings 
of the Standardization Committee of the Insitute and, 
together with supporting information from other 
sources, a.re the basis of the present temperature limit 
of 85 deg. cent; as given in the Standards of the In¬ 
stitute for low-voltage paper cables. The temperature 
of 85 deg. was chosen as a safe amount lower than the 
test temperature of 93 deg. which resulted in serious 
injury to the insulation in four weeks. 

Before discussing the effect of heat upon the mechan¬ 
ical properties of paper, it is well to say a word about 
the effect upoii its composition. If paper in its natural 
condition is dried at say 100 deg. cent, for a short time, 
or at a lower temperature and under vacuum, it will 
lose up to nearly 10 per cent of its weight in moisture. 
This easily removable moisture is sometimes called 
“moisture of condition.” If paper is exposed freely 
to the atmosphere,- the moisture content will vary with 
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the humidity and temperature of the air. Thus 
paper exposed to air in an ordinary heated room in the 
winter time contains very much less moisture than 
similar paper exposed freely to outdoor air in the 
winter, or to air in the summer time. Accompanying 
this change in moisture content, and doubtless caused 
by it, there are important changes in the mechanical 
properties of the paper, as will be shown. If the heat¬ 
ing of the paper is continued at high temperatures for 
long ^ periods- of time, longer time being required at 
relatively lower temperatures, there is a continued 
and slow loss of weight of the paper and a continued 
change in its mechanical properties. These changes 
are very similar to the changes however that are under¬ 
gone when only the moisture of condition is driven off. 

Tests of tearing resistance of paper were made under 
a wide variety of conditions. Tests on several dif¬ 
ferent kinds of paper were made each under several 
conditions. The different conditions studied include 
effect of^ moisture content and of saturation with dif¬ 
ferent kinds of compound and a study to determine 
the part played separately by the saturation and by the 
drying where a sample is subjected to both drying 
and saturating. Aging tests were made on samples 
exposed to air and on samples submerged in two dif¬ 
ferent kinds of compound. 

The first ^ striking fact in connection with these 
tests is that impregnation itself affects only very slightly 
the tearing resistance of the paper. The cause of the 
^eat loss of tearing strength when the sample of paper 
is dried and impregnated is the change in moisture 
content and is not due to the impregnation with com¬ 
pound. Tests of the tearing resistance of paper dried 
for a short time in oven and of similar paper dried by 
immersion in compound at 125 deg. showed practically 
the same result. Some more careful comparisons were 
made as follows. Paper was dessicated under vacuum 
and at room temperature. One lot was tested dry 
one lot after saturating with “lectroseaF' trans¬ 
former oil, and one lot after saturation at 80 deg. 
cent, in the petrolatum compound which was used in 
the tests. The sample in transformer oil was about 
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10 per cent weaker than the dry sample. Samples 
impregnated with petrolatum compound have shown 
as much as 35 per cent greater strength than dessi- 
cated samples. In other cases the difference has 
been slight. 

Another lot of paper which had not been treated and 
was merely exposed to air at 30 per cent humidity was 
divided into three lots. A lot which was impregnated 
in cold transformer oil was found to have exactly the 
same strength as the original sample which wasjnot 
treated. Another sample was impregnated in petro¬ 
latum compound at 80 deg. cent, and was found to be 
24 per cent stronger than the original sample. As 
four papers were grouped together during the tearing 
test, it was thought that adhesion between the .samples 
might have been responsible for the increase of strength. 
Some of the original paper and some of the impregnated 
paper were tests with only a single sheet. With single 
sheets the impregnated paper was 18 per cent stronger 
than the original. Thus, perhaps a portion of the 
increase was due to the cause suspected. 

The next striking fact to be observed is the extremely 
large variation in tearing resistance with change in 
moisture content of the paper. Thus, a given sample 
of untreated paper was subjected to an atmosphere 
of approximately 100 per cent humidity. A similar 
sample was subjected to a vacuum, both samples 
being treated at ordinary room temperatures of about 
20 deg. cent. The tearing resistance of the second 
sample was less than 40 per cent of the first sample. 
Samples exposed to air of different degrees of humidity 
show intermediate tearing resistance. 

With the paper tested and with the oils used, and 
for the relatively short series of tests which were made, 
there is an astonishingly small difference between the 
aging effect at a given temperature of paper submerged 
in oil and the paper exposed to air in an enclosed 
vessel, either sealed or unsealed. This is contrary to 
the usual understanding that the deterioration in 
air is much greater than under oil. However, some 
observers have reported the contrary, namely, that 
deterioration is more rapid under certain classes of oil 
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than in air. Such differences as we have found are 
not entirely consistent and thus there is room for 
further study of the matter. In general, the tendency 
seems toward a higher rate of deterioration under Oil 
than in air at high temperatures and where the periods 
are very short. For longer periods of time, the rate 
of deterioration seems to tend to be a little greater 
under oil, (but the difference is not of very great 
amount). In any comparison which we so far have 
made, the difference has not been greater than the 
difference due to perhaps five degrees variation in 
temperature. 

The above paragraph applies specifically to a simple 
mixture of 80 per cent commercial petrolatum and 20 
per cent commercial resin. Tests were also made 
with a mixture of. 80 per cent commercial resin oil 
and 20 per cent commercial resin. Commercial dif¬ 
ferences in the ingredients do not have a very important 
effect upon the particular property under considera¬ 
tion, namely the aging of the paper. Therefore it 
is considered that the test with these two specific 
mixtures will represent fairly well the result to be 
expected with most of the impregnating media which 
are in extensive commercial use. Tests were made 
with similar lots of paper in the respective types of 
compound and at 125 deg. cent, for periods of one week 
and two weeks. The results indicated a greater rate 
of deterioration in the resin oil compound. The 
difference was not large and we do not consider the 
results conclusive, except so far as they indicate that 
the difference in the effect of the kind of saturating 
medium is not very great; not as great as would be 
caused by a temperature difference of 5 deg; cent. 

Measurements of the aging of several different kinds 
of paper, were made. There is a fairly definite varia¬ 
tion obtained with different samples of standard 
grades of Manila cable paper. For comparison, some 
Kraft paper composed of wood pulp was tested, also 
a sample of Bond writing paper. These last named 
samples were much lower in original strength, but the 
percentage of reduction due to the aging was of the 
same order of magnitude as for the Manila. The de- 
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crease in tearing resistance at 125 deg. was as great 
on one sample of Manila paper as would be expected 
with the best Manila paper at a temperature of per¬ 
haps 10 degrees higher, and for the same time. From 
the standpoint of aging, no paper was found better 
than the paper which furnished the basis for the curves 
in Figs. 4 and 5. Even though the deterioration of 
a sample of low original strength is not at a higher 
rate in terms of the original strength, the paper would 
be at all times, weaker than another sample of better 
original quality. 

In Fig. 4 are given three curves showing the loss of 
tearing resistance at 125, 150 and 175 degrees respec¬ 
tively. In the case of the 175-degree curve, the tearing 
resistance. of the samples, tested before opportunity 
for reabsorption of moisture from the atmosphere. 



, HOURS HEATED AT 175" C. 

Fig. 4 

in terms of the strength of the original paper dessicated 
under vacuum at room temperature, is plotted as 
ordinates. Number of hours aged is plotted as ab¬ 
scissas. The tests at the other two temperatures were 
made on samples which had been allowed to come to 
equilibrium as regards moisture, in air at about 30 
per cent humidity and 20 degrees temperature. The 
ordinate in these two cases is expressed as the tearing 
resistance in percentage of the original tearing resist¬ 
ance of the paper, with it also in equilibrium as re¬ 
gards moisture content with atmosphere at 30 per 
cent humidity. As all the samples had been exposed 
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together to the atmosphere for a long period of time 
the conditions were similar. Tests were made on 
some of these samples aged, after dessication and in 
comparison with dessicated but unaged original samples, 
and the percentage of strength based on these 
figures is not materially different from those plotted, 
in Fig. 4. For purposes such as now under considera¬ 



tion, values determined as for the 175-degree curve 
would be preferred. 

From the data of the curves in Fig. 4, Pig. 5 has been 
constructed as showing the relation between tempera¬ 
ture and number of hours required to produce certain 
definite amounts of deterioration. Each curve on 
Fig. 5 represents a certain definite amount of deterioration 
and shows the length of time required for the tearing 
resistance to fall to a certain percentage of the original 
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tearing resistance. Thus, the lowest curve shows the 
time required to come to 80 per cent of the original 
tearing resistance. The three points indicated by a 
cross belong to another series as will be mentioned 
presently. 

A point on one curve in Fig. 5 is given at 100 degrees. 
T his is from a test on paper saturated in petrolatum 
compound and maintained at 100 deg. for 37 days. 

It will be noted that the scale of time is logarithmic 
and covers several decades. The curves have been 
extrapolated at the left-hand side with the idea of 
estimating time required for deterioration at lower 
temperatures with correspondingly very long time. 
Of course it is recognized that extrapolation is likely 
to cause serious errors in conclusion and therefore 
these conclusions must always be interpreted with 
caution. If some additional points are obtained at 
the higher temperatures, and particularly if points are 
obtained at lower temperatures than those at which 
most of the tests were made, it will be quite reasonable 
to expect fair accuracy of extrapolation into the range 
of temperature with which we are most concerned. 
Even with the data as now presented, some important 
conclusions can be drawn. 

It is interesting and important to note that the differ¬ 
ent curves approximately parallel each other. The 
slope of these lines is of perhaps as much importance as 
the actual numerical values. Thus, it will be observed 
that the rate of deterioration doubles for a tempera¬ 
ture increase of about 8 deg., at temperatures near 
125 deg. Within range of 100 deg. and lower, the 
increase of rate of deterioration with temperature is 
even greater. Thus, as the lower curve in the figure 
is drawn, the rate of deterioration is doubled in 
about 5 deg. increase of temperature. These rates 
correspond respectively to increasing the rate of de¬ 
terioration tenfold in about 25 deg. and about 15 deg. 
respectively. ■ That is, the rate of deterioration at 
100 deg. is roughly ten times as great as at 85 deg. 

As the curve is drawn, an appreciable deterioration 
(about 20 per cent) is shown at 85 deg. in about nine 
thousand hours, that is about one year. In case the 
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extrapolation is wrong and the deterioration at 85 
deg. is much lower than thereby indicated, the slope 
of the curve is greater and the increase in rate of de¬ 
terioration with temperature is even greater than the 
figures named in the preceding paragraph. 

On the basis of the slope of the curve as drawn, in 
Fig. 5, may be determined the effect of intermittent 
loading at high temperature. Thus the annual rate 
of deterioration of a cable loaded so as to produce a 
temperature of 100 deg. cent, for about two and one- 
half hours per day and a temperature much lower than 
85 deg. for the rest of the day will be about the same as 
that of a cable loaded continuously so as to produce 
a temperature of 85 deg. Now it is not improbable 
that the rate of deterioration at 85 deg. is materially 
lower than as indicated in Fig. 5. If that is correct, 
then an intermittent load producing a temperature of 
100 deg. cent, for some shorter period than two and 
one-half hours would be equivalent to a continuous 
load producing a temperature of 85 deg. 

If the continuous loading produces a high tempera¬ 
ture, followed by higher temperatures for short periods, 
the deterioration due to both conditions must be con¬ 
sidered . Thus, on the basis of the specific values given 
in Fig. 5, the rate of deterioration of a cable having 
a temperature of 100 deg. for two and one-half hours 
per day, and of 85 deg. for the remaining time would he 

n^rly twice as great as for a continuous temperature 
of 86 deg. 

We may now refer again to the 1905 tests previously 
described. While of course, as stated, no pennanent 
record could be kept showing the degree of deteriora¬ 
tion of the paper in the 1905 tests, the following method 
of coniparison was used. Samples which were aged 
r^ently and had been measured, were compared with 
the r^ollection and description of the aged paper of 
the old tests in an attempt to obtain some rough nu¬ 
merical value for the deterioration obtained in those 
tests. Little doubt was entertained that the sample 
Which had been maintained at 100 deg. for four weeks, 
was as bad as recently tested samples, which had been 
reduced by aging to 30 per cent of their original tear- 
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ing resistance. On thib basis, the deterioration ob¬ 
tained at 100 deg. in the old series of tests was as great 
as would be expected from recent tests at 125 deg. in 
the same length of time. This difference in tempera¬ 
ture is large as compared with the uncertainty of the 
comparison, and we may thus consider that roughly 
the relation just stated exists between the old and the 

new tests. 

It is important to consider the possible causes of 
this large difference. It is not unlikely that part of 
the difference lies in the paper itself used with the two 
tests. There is an apparent possibility of accounting 
for perhaps 10 deg. of the difference in this way. The 
data for the curves in Fig. 5 are based largely on tests on 
saturated paper exposed to air; the 1905 tests were upon 
samples of cable saturated with resin oil and sealed 
in the lead cover. The apparent greater rate of 
deterioration obtained in recent tests on resin oil 
saturated samples as compared with petrolatum 
saturated samples, or perhaps with samples exposed 
to air, may account for another part of this difference. 
This is particularly true as there was some evidence 
in the recent tests of a greater rate of deterioration at 
temperatures lower than 125 deg. of samples saturated 
in compound than those exposed to air. 

A further point of difference between the old tests 
and the new is that the old tests were made upon an 
actual cable sample which had undergone a certain 
amount of aging in the prbcessof manufacture, whereas 
the recent tests were upon paper not subjected to such 
preliminary aging. The shape of the curves in Fig. 4 
would tend to point to this fact as not helping to ac 
count for the difference, but the reverse. That is, 
a sample loses a greater percentage of its original 
strength in a period of given length after the beginning 
of the aging than it does in a second equal period, even 
with the loss of strength in the second period expressed 
in terms of the strength at the beginning of that perio . 
However, in a study of the possible reasons for the 
different results obtained, this difference in the manner 
of tests should not be overlooked. We are not at 
all inclined to be satisfied that the three possible causes 
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mentioned are sufficient to account for the difference 
between the old and the new tests. 

Even after there are available sufficient experi¬ 
mental and laboratory data as to the degree of de¬ 
terioration occurring at different temperatures and 
under different conditions, there still remains to be 
determined what is an allowable amount of deteriora¬ 
tion from the standpoint of operation of the cable. 
As the deterioration is continuous and gradual and as 
there is no temperature at which there is a sudden 
change in the rate of deterioration, any definite limit 
to deterioration which is set will be arbitrary. We 
will now consider the matter of limitation, in the light 
of operating experience and operating demand. 

It is known that cables have been in service for long 
periods of time and with various degrees of deterioration 
of the paper even up to practically complete carboniza¬ 
tion, In most cases where such conditions existed, 
we believe that not a very large amount of cable has 
been thus affected. Thus while there are numerous 
individual examples of cable samples which have been 
found to operate successfully with a large degree 
of damage to the insulation, there is actually in ser¬ 
vice a comparatively small number of feet of such 
cable. Thus there is not any extensive record of the 
serviceability of cable in considerably damaged con¬ 
dition. Furthermore, it is probable that such cable 
furnishes a large proportion of the operating failures 
that are not due entirely to external injury, an amount 
of failure insignificant in comparison with the amount of 
su^ cable in service. Furthermore, such cables may 
fail in service from injury due to causes which would 
not be harmful to good cable. Though examples of 
this sort are cited as evidence of how far the deteriora¬ 
tion may be carried without causing electrical failure, 
we do not believe that it is the policy of operating 
engineers to recommend operation which may be ex¬ 
pected to produce this condition in any short term of 
years. 

IVtany of the cables known to have operated success¬ 
fully after severe overheating have had very liberal 
insulation thicknesses. This fact has an important 
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bearing on their successful operation after being 
damaged. Thus if an attempt were made to standard¬ 
ize an operating temperature which would produce any 
material deterioration of the insulation it would need 
take into account the liberality of insulation in pro¬ 
portion to the operating conditions. 

One viewpoint of the operating companies is evi¬ 
denced by the attitude of some of them with regard to 
cable specifications. We will refer particularly to the 
recently published specification of the N. E. L. A. 
Underground Systems Committee, which was pro¬ 
duced after extensive conference with many engineers 
representing different parts of the industry. In the 
discussion preliminary to that specification, the opera¬ 
ting engineers emphasized very strongly the importance 
of the ability of a cable to withstand installation under 
severe conditions, removal from the duct line if nec¬ 
essary and reinstallation, again under severe condi¬ 
tions, It is not to be thought that extreme sacrifices 
would be made to insure the ability to reinstall 
especially under severe conditions, but we know that 
it was emphasized as an important matter. 

In view of this attitude, it would seem unreasonable 
for this Institute to standardize operating condi¬ 
tions which would materially reduce the service¬ 
ability of cables from this standpoint. It is proper 
however, for the Institute to recognize that operating 
conditions will sometimes exist which will make it 
a matter of economy and of good engineering to operate 
at temperatures expected to produce rapid deteriora¬ 
tion and probable short life. It may be cheaper and 
better practise to replace cable at intervals when 
necessary than to put into service from the beginning, 
a much greater amount of cable. Or it may pay to 
load a cable to such an extent that there will be rapid 
deterioration, though reasonably long 'life will be 
expected provided it is not moved or mechanically 
disturbed. A single example of such a condition is 
where initial temperatures are very high and thus 
where a relatively slight increase of temperature 
would permit a very great increase of current rating. 
This subject is not for detailed consideration at this 
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time, but is a matter which must be decided by each 
cable user on the basis of ultimate economy. The 
data furnished at this symposium regarding deteriora¬ 
tion at higher than ordinary working temperatures, 
will be of great value in the analysis of such special 
cases. 

As a definite suggestion in line with the above dis¬ 
cussion, it is submitted that the Committee assign 
a temperature limit which may be expected to pro¬ 
duce a reduction of 20 per cent of the original tearing 
resistance of the paper after a period of say five years^ 
time. Supplementing this, higher temperatures may 
be named which will produce the same annual rate 
of deterioration if the temperatures are maintained for 
a certain corresponding number of hours per year. 

This specific suggestion, together with the specific 
data in Fig. 5 will lead to the following temperature 
limits: 

For eontiauously maintained temperature. 78 degrees 

For maximum temperature maintained five hours 
per day, temperature during remaining part of 

day low... g 5 degrees 

For maximum temperature maintained two and one- 
half hours per day, temperature during re¬ 
maining part of day low.. 90 degrees 

For maximum temperature maintained one-half 
hour per day, temperature during remaining 
part of day low... 100 degrees 

It is to be expected that there will be available to the 
Committee additional information which will confirm 
or modify these suggested values. 

It has been remarked that cable failures have re¬ 
sulted from the motion of cables due to contraction 
and^ expansion with variation of temperature, re¬ 
sulting in cracked sheath and ultimately in failure 
due to entrance of moisture. It has been reported 
that satisfactory means for preventing this difficulty 
have been found. Cable users should be cautioned 
in regard to this matter and should be informed as 
to the preventative methods. 

Where data are available concerning any consider¬ 
able length of cable which has been severely damaged 
in commercial service by overheating, it will be of 
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particular value if any unusual phenomena are re¬ 
ported. For example, in tests made by one of the 
authors in 1913, a 100-ft. length of cable was heated 
to a temperature such as to produce rapid deteriora¬ 
tion. It was found that a large amount of gas es¬ 
caped from the ends which were at first unsealed. 
Accordingly, terminals were attached to the ends so 
as to prevent the escape of the gas, and a steam gage 
was attached so as to register the pressure inside the 
sheath. This pressure reached a value of about 100 
lb. per sq. in. at which pressure the sheath burst and 
the pressure was relieved by the forcing out through 
the hole of a large amount of compound and gas. 

In the recent series of tests, where samples were 
sealed in lead tubes, some difficulty was experienced 
in maintaining the seal tight, and there was consider¬ 
able evidence of internal pressure. This information 
points to a possible limitation of amount of allowable 
deterioration quite aside from the changing properties 
of the paper itself. 

It is worthy of particular note that, for ordinary 
conditions, much more is to be lost by operating at 
a temperature a few degrees too high than by operating 
at a few degrees lower than the maximum allowable 
temperature. For example, based on an earth temper¬ 
ature of 20 deg. and an operating temperature of 85 
deg. a change of 5 deg. in the operating temperature 
will be pro duced by a change of current rating of only 4 per 
cent under ordinary installation conditions. But 
an increase of 5 deg. above the correct limiting tempera¬ 
ture will result in a shortening of the life by one-half. 
Therefore, an accurate knowledge of actual tempera¬ 
tures of cables is a requisite for obtaining maximum 
performance without danger of material reduction in 

life of the cables. . 

Without a margin of safety in the temperature rating, 

the importance of accurate knowledge of temperature 
conditions or proper allowance for want of this knowl¬ 
edge is of fundamental importance. Neglect of this 
will lead to cable damage far more costly than a 
sacrifice of carrying capacity due to operatmg at even 
less than the safe maximum. Thus in rating cables 
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for current it is important to leave whatever margin 
is necessary to insure that uncertainty in knowledge of 
conditions does not cause an excess of temperature. 

Acknowledgment is made to Mr. F. E. Coxe for 
valued work during the series of tests just concluded 
and to Mr. IST. C. Davis for the investigation of the 
“pop-tester.” 

APPENDIX 

Machine No. 1 is essentially a very light vertical 
tension testing machine having a maximum reading, 
or automatic recorder. The scale was read as centi¬ 
meters deflection but a calibration was made in grams 
by hanging weights from the dynamometer spring. 

Standard samples were prepared for test as follows. 
Strips of paper usually one inch wide were cut in 
lengths of 73 ^ in. Five holes 34 in- in diameter were 
punched along the center line of the paper and about 
H in. between centers, the first hole being about 34 in. 
from one end. From the other end a cut was made 
with scissors to within 34 in. of the last hole. From 
the end of that hole to within 34 in. of the next a cut 
was made with a razor blade. This was repeated 
for each hole. 

^ Test was made after clamping the free ends on each 
side of the scissors cut in the jaws of the testing machine. 
The maximum force required to tear from the cut 
into the next hole was read for each of the five holes. 
The average of fifteen readings taken on three samples 
of paper constituted a single test. 

Other forms of test sample were used at an earlier 
date but the above was especially useful as giving a 
considerable number of tests so as to give a good aver¬ 
age within a small sample and in a reasonable time. 

In the description of the No. 2 machine, we quote 
largely from a statement by the maker of the machine. 

The machine is known by the maker as the “El- 
mendorf Paper Tester,” It was finally perfected in 
the Forest Products Laboratory of the United States 
Forest Service. It is the understanding of the vsriters 
however that the makers of the machine have added 
some improvement since making the statement which 
we quote in the previous sentence, and that these 
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improvements are embodied in the machine with which 
we have worked. 

The testing machine simulates the action obtained 
by one method of hand testing on paper when a sample 
piece of paper is torn between the fingers in order to 
“sense" the average tearing force. The instrument 
consists essentially of a weighted pendulum which, 
in swinging from a predetermined height, tears the 
sample to be tested and indicates the tearing strength 
of the paper by the amount its swing is retarded. 

Briefly, the machine operates as follows. A cer¬ 
tain number of samples of the paper to be tested 
(generally four in our tests) are selected, each 6 cm. 
long and 3 or 4 cm. wide. (Our tests were made on 
samples 1 in. wide). The samples are then set in the 
machine and held in the clamp as shown in Fig. 2. 
A knife on the machine is made to cut a slit in the 
paper, giving a start for the tear. The cut is a definite 
distance of 2 cm. thus giving a distance of 4 cm. 
for the tear. 

The pendulum is then allowed to fall and as it 
does so, it tears the paper as indicated in Fig. 3. As 
the tearing action proceeds, the motion of the pendulum 
is retarded by an amount proportional to the work 
done in tearing the paper. For each grade of paper 
tested, the pendulum will therefore rise to a different 
height on the right. The lighter the paper and the 
less work required to tear it, the higher the pendulum 
will rise, and the heavier the paper, the less the pendu¬ 
lum will rise. The greatest height to which the pen¬ 
dulum’ rises on the right is registered by a pointer 
and can be read when the pendulum comes to rest. 
This reading is a measure of the work done in over¬ 
coming the tearing strength of the paper through the 
length in which it was tom. It is proportional to 
the average tearing strength of the paper when the 
number of papers and the distance torn are constant. 

In using machine No. 2for measuringtearingresistance, 
usually four pieces of paper were tested simultaneously 
and the total length of the tear was 4 cm. The individ¬ 
ual readings thus gave the average resistance for the 
four papers. Most of the data recorded are the 
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average of four individual measurements. As this 
gives an average of the tearing resistance of 64 cm. 
of paper, it may be expected that the results will be 
capable of very exact duplication for uniform paper. 
This is further illustrated by the following. On 
twenty different measurements, each the average of 
four or five individual tests, the numerical differences 
between individual measurements and the average of 
all were taken. This difference was expressed in per 
cent for each set of readings. The average of these 
average differences of twenty tests was 4 per cent, 
the maximum was 11 per cent. This was on a very 
brittle (aged) sample. No other difference exceeded 
8 per cent. It seems reasonable therefore to expect 
that the error of the measurement of any sample 
taken should seldom exceed 5 per cent and that the 
probable error of any result did not exceed about 
2 per cent. 

^ However, it has been found that samples tested on 
different days under conditions considered identical 
have given differences of as much as 20 per cent. 
The difference is attributed to variation of paper at 
different parts of a roll which was evidently not entirely 
uiiiform in tearing resistance. Of course, wide vari¬ 
ations are to be expected if moisture content is allowed to 
vary and it is very hard to keep this under control. The 
variation of 20 per cent was found however in the case 
of two sets of samples which were dessicated by dry 
ing in a vacuum at a temperature of about 20 deg. cent. 
It is not known at this time just how much influence 
small changes of temperature or small changes in 
the residual pressure in a vacuum chamber may have 
affected these results. 

_ With the No. 1 machine for measuring tearing re¬ 
sistance, we considered the limit of probable error 
of the measurement of the actual samples under test, 
to be about 10 per cent. 



Presented at the Qth Midwinter Convention 
of the American Institute of Eleclrical 
Bngineers, New York, N. Y., February 
1921, 


Copyright 1921. By A. I. E. E. 


PERMISSIBLE OPERATING TEMPERATURES 
OF IMPREGNATED PAPER INSULATION 
IN WHICH THE DIELECTRIC STRESS 

IS LOW 


BY L. L. BLDEN 

Edison Electric Illuminating Co. of Boston. 


P RESENT day practise in the operation of low- 
tension cables (7500 volts or less) is mainly 
based upon the temperature limitations generally 
specified by cable manufacturers and others, who from 
extensive experiments and research have determined 
the temperature at which the physical structure of 
impregnated paper as used for cable insulation, suffers 
marked deterioration in both its mechanical and 
electrical properties. 

Naturally the conditions thus observed have formed 
the basis for certain guarantees on cable, a course 
which Has had the support and bproval of large users 
of cables as the result of their observations and ex¬ 
perience, As the result of this experience there was 
evolved the present Standards rule limiting^ the per¬ 
missible conductor temperature in low-tension paper 
insulated cable to 85 deg. cent., with suitable reductions 
in temperature as the voltage is increased. ^ There 
being no evidence before us that paper insulation has 
suffered injury at a temperature as high as 85 deg. 
cent., and as this limit is slightly lower than the tem¬ 
perature at which paper has been noted to suffer de¬ 
terioration (98.5 deg. cent.) we may, therefore, assume 
that low-tension cables may be safely operated up to 
85 deg. cent, for indefinite periods without injury. 

We find an apparent conflict with this temperature 
limitation in another Standards rule covering fibrous or 
Class A insulation when used for the insulation o 
electrical apparatus. This rule in specif 3 dng 90 eg. 
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cent, as the permissible observable temperature for 
impregnated materials also permits an allowance 
of 15 deg. cent, for hot-spot correction or temperature 
gradient through the insulation, this raising the limit 
of conductor temperature to 105 deg. cent., or 20 deg. 
cent, higher than is specified for paper insulation in 
cables. For non«impregnated materials it is to be 
noted that this rule provides for a reduction of 10 deg. 
cent, in the above values. 

It is questionable if the limit placed upon Class A 
insulation is not too high, since in the writer's experi¬ 
ence it is possible to point out cases where Class A 
insulation has failed in modern apparatus, transformers 
and rotating machines, in which the temperature of 
the conductors has never been permitted to reach the 
observable limit 6i 90 deg. cent. 

While the initial failure in these cases has been 
limited to a relatively small portion of the winding, 
the insulation on the balance of the winding has been 
found dried out to such a degree as to be too brittle 
to withstand the handling necessary to make replace¬ 
ments and an entire rewinding has been required. 

There is a marked difference in the conditions under 
which insulation in electrical apparatus and in cables 
is operated. In electrical apparatus in general, ex¬ 
cluding oil-cooled equipment, the insulation is largely 
exposed to the air at all times, and in many instances 
is cooled by forced ventilation, thus affording ideal 
conditions for the impregnating compounds between 
layers to be gradually dried out or expelled, leaving the 
entire body of the insulation to become more brittle 
as it is continued in service. 

In the case of cable insulation wrapped in a water¬ 
proof covering or enclosed in a lead sheath, it may be 
contended that since evaporation is impossible, the 
insulating compounds will be retained in their original 
sticky or semi-fluid condition, and the insulation as a 
whole retain its original value if not otherwise injured. 

This, however, is not always borne out in practise, 
as was noted recently when attempting to install some 
1,5.00,000-cir. mil, 600-volt, single-conductor cable 
which had been held on the original reel as emergency 
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stock for over ten years. The insulation on this cable, 
although never in service, was found to be too brittle 
to withstand installation. 

Unfortunately, cables are not always laid in horizon¬ 
tal positions, thus affording opportunities for the com¬ 
pound to gravitate to the lower positions in the cable, 
leaving sections of cable at the higher levels free of 
compound and unsuited to heavy or maximum loading 
conditions. These conditions develop more rapidly 
in cables altemately heated and cooled, with resulting 
expansion of the sheath creating voids, thus permitting 
migration of the compound. 

While these conditions are beyond the control of 
the user, he also must contend with the imperfections 
in manufacturing processes whereby the impregnation 
is sometimes imperfect, thus leaving dry sections of 
insulation which hazard the safety of cables so con¬ 
structed when operated at the higher temperature 
limits. 

Operating practise in the loading of low-tension 
paper-insulated cables as reported by various users 
varies so widely that it is impossible to draw exact 
conclusions or to establish any fixed rule as to the maxi¬ 
mum temperature at which such cables may be safely 
operated. 

Reports are presented from time to time showing 
that cables of sizes specified have successfully carried 
certain loads in amperes for stated periods either 
regularly or as occasion required, without apparent 
damage to the cables. The loadings thus specified 
have indicated that the commonly accepted ratings 
of such cables have been materially exceeded, even 
though the final effect on the cable could not be de¬ 
termined. Reports of such a character are valuers 
unless accompanied by the necessary supporting data 
clearly showing the conditions under which the record 
was made. 

In the last analysis the sheath temperature is the 
only definite factor from which to determine the actual 
operating temperature of a cable, since the tempera¬ 
ture of 'the conductor may be determined with a fair 
degree of accuracy from the sheath temperature. 
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It has been frequently suggested that the insulation 
normally used on heavy low-tension cables, 250 to 600 
volts, while necessary for mechanical strength, is 
really unnecessary for the voltage employed, and that 
therefore a substantial amount of deterioration may 
occur without affecting the life of the cable. 

If this view be accepted for low-tension cables, it 
cannot be accepted with the same degree of confidence 
for cables operating at 2300 - 4000 - 7500 volts, since 
in no case is the factor of safety, if based upon the 
thickness of insulation employed on the higher-voltage 
cables, in any manner comparable with that of low- 
tension cables. 

To secure the same degree of safety the thickness of 
insulation must be increased many times, to do which 
is at once uneconomical and at times, a physical 
impossibility. That the same factor of safety is not 
attained in practise is amply demonstrated by the 
record of failures in cables from 2300 to 7500 volts, 
they being sufficiently numerous as to form a most 
powerful argument against any proposal to increase 
ttieir loading by an increase in operating tem¬ 
perature. 

For a number of years it has been customary to 
provide for very severe bending tests in all specifica¬ 
tions under which the breakage of the paper insulation 
must be kept at a minimum. If as has been reported 
by a number of eminent investigators and cable manu¬ 
facturers, paper when subjected to a temperature 
only slightly higher than 85 deg. cent {viz. 93.5 deg. 
cent) does actually become brittle and lose a substan¬ 
tial percentage of its original tensile strength, then 
it must of necessity be unable to withstand the bending 
tests specified for new cable. 

Since it is not always possible to be sure that cable 
once laid, will never be disturbed or moved to new 
positions, it must follow that the users, when re¬ 
installing cable which has been operated at tempera¬ 
tures sufiicient to damage in some measure the insu¬ 
lation next to the conductors, must finally accept the 
cable in its new position under a materially reduced 
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standard of perfection from that which was acceptable 
at the time of original installation. 

If this is a fair statement, then it must be admitted 
that the original specification was too severe and that 
it is not unlikely that cables which may have been 
rejected under tests were at least as serviceable as 
cable reinstalled under the conditions suggested above. 

To retain the present provisions for bending tests 
may therefore be regarded as an economic waste as 
reflected in the final cost of cable. It cannot be 
denied that if paper is subjected to high temperatures 
its useful life as insulation must gradually or rapidly 
be shortened as the case may be. 

The real question for the cable user to decide is 
the rate of depreciation which he is willing to accept 
as the result of operating his cables at high tempera¬ 
tures. Various interests have contended for different 
rates of depreciation on underground plant, but it 
is contended by the writer that in specif 3 nng a rate 
to be applied to paper-insulated cable there should 
not be included any allowance for depreciation due 
to loading. Depreciation allowed for aside from any 
consideration of values at different periods should 
only include allowances for physical depreciation due 
to wear and tear in position, external injuries, elec¬ 
trolysis and similar agencies affecting the life of the 
cable sheath. 

This point of view has been rigidly adhered to in 
the operations of the company with which the writer 
is connected in that loading of cables has been ^ such 
that, so far as is known, the temperature limitation of 
85 deg. cent, has not been exceeded. In the opera¬ 
tion of its 230-volt d-c. system during the past eleven 
years, careful records of d-c. feeder loads have been 
maintained, from which the data in the following 
tabulation were obtained. 

This record includes only those feeders which are 
composed either in whole or in part of one million 
single-conductor or one million concentric cables, and 
shows the number of hourly readings in excess of 800 
amperes which have been observed each year. It is 
of interest to note that while a total of 75,800 readings 
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have been noted in the eleven-year period, 53,040 
or 70 per cent have occurred in the winter months, 
clearly indicating the seasonal load characteristics 
of the system which afford such favorable conditions 
for operating cables at relatively high load values 
during the period of lowest temperature. 

In estimating probable temperatures from this 
record for comparison with the test records presented 
by Mr. Torchio allowance must be made for the lower 
sheath temperatures noted in this system, these 
resulting from uniformly lower earth temperatures 
and in some measure to the use of smaller conduit 
lines, none of which are sufficiently congested to create 
abnormal temperatures. 

^ The relative values may be determined from a num¬ 
ber of typical test readings here presented. Tem¬ 
perature readings were taken just inside ends of ducts 
in manholes and are comparable with readings taken 
from thermocouple No. 20 in Mr. Torchio's exhibit 
on page 175. 

Observations on June 6, 1920 were taken after four 
days of very hot weather. 

Viewing these data in the light of our operating 
experience and allowing the usual temperature gra¬ 
dient through the insulation, it is questionable if the con¬ 
ductors of any of the cables under observation have 
ever reached a temperature of 85 deg. cent, unless 
due to local hot spots of which there has been no 
evidence. 

Summarizing our experience with this installation, 
it appears that in eighteen years of use of single- 
conductor and concentric low-tension feeder cables 
there is no record of a failure of these cables due to 
loading conditions. This may be declared to be evi¬ 
dence of too great conservatism in the use of the plant 
investment in question. We believe, however, that 
it is justified by freedom from interruptions of service 
in a city where rendering the best possible service 
at all times is considered the first duty of the company. 

With this record behind us, we are loath to depart 
from our present practise and approve a higher degree 
of loading which must invariably develop new troubles. 
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until conclusive evidence is at hand which will justify 
increasing the present limit of 85 deg. cent, for low- 
tension cables as now incorporated in the Standards. 

Viewing the data presented by Mr. Torchio in the 
most liberal light, I cannot agree that it is conclusive 
since the physical condition of some of the sections of 
cable submitted after completion of his tests leaves 
much to be desired if the cable in question was to be 
continued in service. Further, the exhibit in question 
clearly shows the risk involved in basing the loadmg 
of cable upon temperature observations at one point. 
It is almost a foregone conclusion that as shown 


......' 

Date 

Load 

Duration 
of load 

Sheath 

temp. 

Approx, temp. 
N. Y. cable 
sheaths with 
same loading. 
Thermocouple 
No. 20 

Feb. 18, 1920 
Feb. 19, 1920 
June 6, 1920 
Juno 6, 1920 
June 6, 1920 
Juno 6, 1920 
Dec. 23, 1920 
Dec. 23. 1920 

I 875 Amperes 
700 

900 

800 

800 

700 

800 “ 
890 

]___ 

1 6 lir. 

6 “ 

6 “ 

6 “ 

6 “ 

6 “ 

6 “ 

6 “ 

k ^ _ 

16 deg. cent. 
27 “ “ 

50 “ “ 

33 “ “ 

39 “ “ 

43 “ “ 

30 “ “ 

33 “ 

60 deg. cent. 

60 “ “ 

60 “ 


in this case there are points in any cable, where, due 

pitSr to iLaV Editions of external temperatures or 

M the effect of dry spots in cable insulation, excessive 
to the ettec y v -ix- „ ranid deterioration and 

heating develops with resulting rapia aec 

final destruction of the insulation. To operate low 

at higher temperatures to at present« 

pSibt elU be all gain, since the 

ftTrf oUier cables within the same conhmt must be 

ity ot otner cam temperatures which 

reduced ovnng ^he gh ^ 

must prevail. That such con ^ therefore in 

develop new and avoidance of cable 

the interest of safety to p uptter nolicy to adhere 

operate at the 

If, as seems quite [or short 

limit of 85 deg. cent, may be sateiy exc 
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periods without injury to paper insulation, it would 
seem preferable to apply an overload rating to low- 
tension cables which may be taken advantage of as 
occasion requires rather than to operate such cables 
on a load factor basis. 

The objection to the latter method lies in its im¬ 
practicability of application to the operation of any 
system of distribution. In actual service each feeder 
operates on a load factor of its own which may or may 
not coincide with the system load factor, or whose 
maximum load period may be independent of the 
systena peak load, hence each feeder must be treated 
as an individual case. Further, load factor makes no 
distinction between seasonal loadings, a most important 
factor in the operation of a cable system, since loadings 
which may be permissible in winter must be materi¬ 
ally modified during summer periods. Finally while 
it may be possible to specify an allowable overload 
rating for this class of cables in terms of temperature. 
It is next to impossible to determine whether such limit 
IS not exceeded in practise, a condition which should 
cause one to lean to a conservative standard such as the 
present Standards rule as the more desirable policy. 
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Discussion on 'The Maximum Safe Operating 

Temperature OF Low-VoltagbPaper-Insu™ 

Cables” (Del Mar), Permissii^e Operating 
Temperatures of Impregnated Paper insula¬ 
tion IN WHICH the Dielectric Stress is 
(Torchio). ^^Permissible Operating Iem- 
peratures of Impregnated Paper Insulation 
in Which the Dielectric Stress is 
{RopL), Notes on "The Emct of Hm 
on Impregnated Paper from 
TioN” (Clark), ‘The Effect of Heat Upon 
Paper Insulation” (Fisher 
AND “Permissible Operating Temperatures 
OF Impregnated Paper Insulation in Which 
?HB Dielectric Stress is Low” (Elden), New 
York, N. Y., February 17,1921. 

Frank M. Farmer: It is evident that we are 
here a duplication of the 

existed in the various committees which rKvcre- 

with this subject for some time—just the S 

ence of opinions. It seems to 
here this morning something tha,t 

as an indictment of the engineering profession We 

have gone along all these 
invested several hundreds 

underground cable and it is only just now that we are 
Sinning to get data on the fundamental char- 
SSXs that are the basis of proper operation of 
such cables namely, the relation between the tempera¬ 
ture and the deteriStion in concrete, quanti¬ 
tative terms. That, it seems to AZf J 

what this situation mea,ns. tnd uen^ 

beginning to get information of this character and p 

"^8f cTur^'after relation between tempera¬ 

ture Sd detSSation, our problem is not solved by 
Sfv meanrSe application of the data to the operation 
' SaK inder service conditions is a very complicated 

probtainvS for e.an>plc the rf 

what shall be the deterioration limit and the mgter 

of measuring the actual temperature of the cables 

under operating conditions. TiViv<iical tests 

I wish to make a few rem^ks about physical tesm 

of Tinner I agree with Mr. Del Mar that the tensile 

testUve of Ifttie value. The tensile test and the 

bursting test—that is the Mullen test—are standard 
bursting tesr , , , The Mullen test has been 

tests in the paper industry, me muucu t 

S" physical 
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basis. The tensile test is a thoroughly reliable test 
but it is not a good measure for our purpose, for the 
reasons given in these papers. 

Another test which we have used a good deal in some 
of our work is the folding endurance test, a test common 
in the paper industry, that is, a strip is folded back and 
forth in an automatically controlled machine. That 
test is undoubtedly a most ^ valuable test of^ that 
characteristic of paper, which is most important in the 
ordinary use of paper, namely the durability under 
repeated handling or manipulation. But that^ is not 
the sort of characteristic we are interested in in con¬ 
nection with cables. 

The kind of test which has been proposed by 
Mr. Del Mar and by Mr. Atkinson, the tearing test, 
looks very promising. It has all the qualifications 
which a standard test should have, namely, the neces¬ 
sary precision and reproducibility, and for cable 
purposes, it has the very important feature that it 
is probably as near a measure of the most important 
characteristic we are interested in as we can get. 

George B. Shanklin: I do not believe that any¬ 
thing that has been presented warrants any radical 
change in the Institute limit of 85 deg. cent, for this 
type of cable. Before any such change should be 
made the various phases of the problem must be more 
thoroughly settled. For instance, no one can say 
today whether the limiting feature of high temperature 
operation of low-tension cables is the physical de¬ 
terioration of the paper insulation or the damage that 
might be caused by contraction and expansion of the 
caHe length due to the wide range of temperature 
encountered. It would appear from present knowledge 
that both of these features play an important part. 

All of the papers presented this morning with the 
exception of Mr. Torchio's ignore this factor of con¬ 
traction and expansion and center their attention 
upon the physical deterioration of the^ paper. It 
seems to be the general concensus of opinion that the 
paper must not deteriorate to a degree whereby 
lengths of cable cannot safely be withdrawn and 
reinstalled in other positions without the necessary 
bending causing the insulation to tear. If this is to 
be the criterion for judging deterioration it is certain 
that it is a much more severe criterion than that 
applied to other forms of apparatus. No one would 
require, for instance, that armature coils that have 
operated for years at the limiting temperature of 105 
deg. cent, be removed from a machine and then re¬ 
placed. It is certain that the insulation would be far 
too brittle to withstand this abuse, and all that is 
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required is safe continuous operation without dis¬ 
turbance of their position in the slots. Since, therefore, 
cable insulation cannot be allowed to deteriorate _ to 
the same degree as other forms of Class A insulation 
such as armature coils, distinction must be made and 
the temperature limit must be lower than that of 105 
deg. cent, covering the more general forms of Class A 
insulation. This statement is made on the assumption 
that paper cable insulation deteriorates^ at about the 
same rate as the rest of the Class A materials. Another 
reason why the temperature limits should be lower is 
that cables are supposed to last for a much longer 
time than other forms of apparatus. Where a life 
of 10 years without renewed insulation for a motor 
or generator is considered reasonable a cable is sup¬ 
posed to last not less than 20 years, because its insula¬ 
tion cannot be renewed. 

The results Mr. Del Mar gives on the aging of sample 
lengths of paper cable are very surprising when com- 
pared with those obtained from other sources. In 
four weeks time Mr. Del Mar found that the paper in 
these cable samples showed a decrease of 32 per cent 
in tensile strength, and 65 per cent in tearing strength. 
Mr. Clark's results are much more in line with others. 
He found that in twelve weeks’ time at 100 deg. cent, 
there was a decrease in tensile strength of 25 per cent, 
and tearing strength of 41 per cent. In an article 
in the E. T. Z., October 5,1916, p. 535, Mr. L. Schuler 
gives some interesting results of aging_ cable paper in 
resin oil. He found that 22 weeks aging at 100 deg. 
cent, caused a decrease of only 15 per cent in tensile 
strength. The General Electric Company has in the 
past few years made some very extensive tests on the 
aging of various types of Class A insulation. _ The 
resufes have never been published as the work is not 
yet completed. We have, however, aged cable paper 
in mineral oil and found that 72 weeks at 100 JS- 
cent, caused a decrease oi 60 per cent in tensile stren^h. 

A general review of all sources of information would 
make it seem almost certain that Wer i^l^tmn as 
used in cables detenorates at a slightly greater rate 
than other forms of Class A materials, such as coi 

insulation. 

In summing up it would appear— 

1 That the general run of Class A materials have 

a temperature limit of 105 deg. cent, which is now 

accepted almost without question. mni-mals to 

2. It is acceptable to allow these matenals to 
deteriorate to a much greater degree than came 

msulatmm^^^^ up to the present time indicate that 
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cable insulation deteriorates at a faster rate than other 
forms of Class A insulation. 

4. The maximum ''hot spot'' temperature in lengths 
of underground cable cannot be as accurately estimated 
from observed readings as in other forms of electrical 
equipment. 

When these factors are considered, it is apparent 
that the temperature limit of paper cable insulation 
should be something less than 105 deg. cent. If the 
temperature limit of 85 deg. cent is to be^ raised, this 
change must be approached with ^ caution and an 
increase to 90 deg. or 95 deg. cent, is all that should 
be attempted until more is known of the subject. 

In his paper Mr. Torchio recommends graded 
temperature limits, varying from 105 deg. for a load 
factor of 33 per cent to 90 deg. cent, for all load factors 
above 66 per cent; he bases his recommendation on 
the fact that peak loads only continue for short periods 
of time and higher temperatures for these short periods 
are, therefore, allowable. There is no^ denying the 
logic of this assumption provided periodic contraction 
and expansion is ignored, but I believe that Mr. Torchio 
has lost sight of the principle upon which temperature 
rules have always been based. A given ternperature 
limit is supposed to cover all possible conditions from 
the best to the worst. The flat temperature rule does 
not prohibit overloads for short periods of time. It 
merely specifies that these overloads must not continue 
after the temperature limit is once reached. The 
conditions, especially in the large operating companies, 
are sometimes such that it is safe to exceed the limit 
for short periods of time. 

^ E. B. Meyer: Regarding the matter of safe opera¬ 
ting temperature for low-voltage paper insulation cables, 
it is my belief that the whole question has been summed 
up in Mr. Del Mar's paper in which he says: 

This increase of carrying capacity may sometimes warrant, 
the use of cables at destructive temperatures, and the operating 
engineers may rightly consider such a procedure justified. It 
is questionable, however, whether the Institute should make 
a rule to cover such cases, as an Institute rule necessarily rep¬ 
resents an agreement between manufacturer and user and 
it is unreasonable to expect the manufacturer to share the risks 
resulting from operation at or beyond the limit of endurance 
of his product. 

Mr. Elden's experience in opeirating the cable 
system of the Boston Edison Company shows that over 
a period of 18 years there has been no record of a cable 
failure due to loading conditions. While as stated 
this may be considered as evidence of too great con¬ 
servatism, it seems justified by the freedom from 
interruptions and the fact that continuity of service 
is of prime importance to the utility 'company. 
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The matter of safe operating temperature is one on 
which there has been considerable difference of opinion 
for some years past and is a subject which is receiymg 
a great deal of attention by various central station 
companies and engineering bodies, particularly during 

the last 18 months. .. r. 

Mr. Torchio has submitted some evidence which 
tends to show that the Institute rule giving 85 deg. 
cent, as a safe operating temperature for low-tension 
cables, is too conservative. However, there are a 
number of' factors to be considered before deciding 
upon any plan which involves the operation of cables 
at higher temperatures than the present rule permits. 

As stated by previous speakers cable specmcations 
provide for certain bending tests depending on the 
diameter of the cable. If the cable is installs and 
allowed to remain in the duct without being disturbed 
except by the natural expansion and contraction inci¬ 
dent to load and temperature changes, it seems reason¬ 
able that a slight deterioration of the paper is not 

^^Ifi^owever, the cable is likely to be involved in a 
rearrangement necessitating its removal and rein- 
stallation, a deterioration of the paper might prove to 

be-the cause of a failure. , ■ , j „ 

As I see it the problem is one which depends for 
its solution on the judgment of the individual operating 
engineer, who must arrive at a decision after balancing 
the probability of accelerated depreciation against 
the more intensive use of cables under a schedule of 

^f the manufacturers will consent to an upward 
revision of operating temperature for cables to be 
installed and left in place, the user would welcome sue 
a revision, as he would get all the benefits. 

It would seem to me that in any attempt to get a 
guarantee with a maximum temperature oyer a lifted 
period and a low temperature the rest of the year, it 
would be impossible for the user to get an adjustment 

unless he had a practically the°cable 

actual operating temperature from .the time the cable 

"^Vv/HvinrivKddleton; The following tests show 
the deterioration both electrical and physical of the 
impreSfS paper used in cables subject to tempera- 

^'^® 3 ^iT^ec? of‘^loO^OOO cir. mil single conductor 
with 6/32 in. wall of insulation lead covered with the 
ends sealed up was placed in an oven and heat apphed. 
A temperature of 90 deg,, 100 deg., 110 d^- a 
deg. cent, was maintained at each point for one week 
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of 50 hours, at the end of each \ 'eek a piece was cut 
oif and voltage, breakdown, tensile and tearing test made 
upon the strips of paper (Fig. 1). At the end of the 
first week the dielectric strength was 83 per cent of 
its original value and was 70 per cent at the end of the 
fourth week with the curve apparently flattening out. 

The tensile strength at the end of the first week was 
80 per cent of its original value and 43 per cent at the 
end of the fourth week and dropping rapidly. The 
tearing test showed greater deterioration than the 
others, being 73 per cent at the end of the first week 
and only 29 per cent at the end of the fourth week, 
bearing out the fact that the tearing test is a better 
test of deterioration. 


VALUES OF PROPERTIES ASSUMED 
AS 100% BEFORE HEATING 

50 50 50 50 



Fig. 1 —-Deterioration op Cable Paper with Heat. 

Two tearing tests were made, one in the machine 
direction of the paper and the other crosswise of the 
machine. The crosswise test, while it started lower 
(71 per cent) only went down to 41 per cent. To all 
appearances, the paper was as good as before heating. 

The above tests, while of short ^ duration, would 
indicate that there was no very serious deterioration 
at 90 deg. to 100 deg. cent. 

The objection to recommending that the present 
limit of 85 deg. be raised is that we do not know at 
present at what temperatures a great deal of cable 
is operating which we believe is well above this 
figure, and that many operating companies will feel 
that they should increase the load on their cables 
with disastrous results in many cases. 

Similar research was started in England in 1914, 
the work being done by the National Physical Labora¬ 
tory, Liverpool University and individuals. Mention 
is made of this work in ijae Electrician of December 24, 
1920 as Buried Gable Research and again in the 
January 28th, 1921 number under Heating of Buried 
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from the operating man^s point of view, as I see it, 

I should prefer very much to keep the rating down to 
a reasonably conservative basis. ^ 

So that it is my own conviction, until we have a 
great deal more information as regards the actual 
causes of deterioration, and the scientific underlying 
facts, and until we have a method by which the opera¬ 
ting man can keep in closer touch with exactly what is 
going on in his cables, by which he can know w^^ore 
the hottest spots are, and all about them, thatut is 
unwise to increase our safe temperature limits, and the 
rating of the cables any appreciable amount. 

H. R. Woodrow: The current carrying capacity 
rating of cables is dependent on the permissible temper¬ 
ature rise and the permissible temperature rise is 
dependent on the ambient temperature in the duct 
system. Unfortunately, the limits of the ambmnt 
temperature of duct system or hot-spot correction 
factor have not been determined. 

I agree with Mr. Torchio that 100 deg. cent- 
maximum temperature of paper cable for short duration 
would prove satisfactory and is a limit which could 
be specified if we were sure of the temperature condi¬ 
tions of the duct system in which the cable is to^be 
installed. I therefore, feel that we should give the 
temperature gradients in the duct system thorough 
consideration before placing such a maximum limit 
for general standardization. _ 

The temperature rise of a cable above the sur¬ 
rounding earth in a duct system, can be represented 
by the equation 

( 1 ) 

K b = Average watts per duct foot of other cables in 
the bank per degree cent, rise above earth 
of cable, due to other cables under con¬ 
tinuous load conditions. 

Kc = Watts per cable foot per degree cent, rise of 
copper over earth under continuous load with 
other cables carrying no current. 

B = The average watt hours per duct foot required 
to raise the temperature of cable and ^ duct 
so that the temperature of the cable m 
question will be raised 1 degree cent, (energy 
supplied from other cables.) 
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engineer the best means of determining the proper 
loadings of his cables as actulally installed. With 
proper allowance for hot spots and errors in readings, 
the loadings of cables can be determined accurately 
enough from the sheath temperatures. 

Regarding the proposed determination of _ tempera¬ 
ture limits by load factor, in addition to leading to the 
disadvantages mentioned in Mr. Elden’s paper, I wish 
to present another objection; that the load factor in 
itself has no definite relation to the operating tempera¬ 
ture of the cable. 

For instance, if a cable has a 60 per cent load factor, 
on a daily basis, there may be full load for one hour, and 
58.39 per cent full load for 23 hours, or there may be 
full load for 14.4 hours and zero load for the rest of 
the day. The load factor in each case is the same, but 
in the last case there is full load on the cable for 
fourteen times as long as in the first case. The same 
relation exists on annual load factors. These are the 
two extreme .cases, but actually we will have load curves 
in different cables having the same load factors but 
with the maximum loading period, say, five times as 
long as for the other. The shape of the load curve 
determines the relation, not the load factor alone. 

On account of these reasons we cannot determine 
ratings by loadings or hours of full load—we must go 
to ratings based on temperatures and time, properly 
weighted as shown by the results of further tests and 
experience with insulations. Then the operating 
engineer will have a definite means for determining 
how far he is justified in operating cables for short 
periods at excessive temperatures. 

R. J. Wisentian: Sometime ago we were making 
some special electrical tests on a sample of dry paper 
cable to determine the efllect of drying and then im¬ 
pregnation on the electrical properties. After making 
the desired tests we decided.to run the temperature 
of a 3-ft. high-voltage cable up to 160 deg. cent, to 
see how much the cable would deteriorate. We took 
samples of paper from the belt and from the conductor 
and tested them for tensile strength and tearing 
resistance. To our surprise, the tearing resistance, 
which we also believe is to be preferred to the tensile 
strength as a guide to the quality of the paper, de¬ 
creased to 62 per cent of its value prior to treatment. 
This was after both a heat and vacuum treatment. 

As a comparison we took some impregnated paper 
from a cable which, had gone through the regular 
factory treatment and its tearing resistance had 
decreased to 90 per cent of its value before treatment. 
We compared the tensile strength tests and we found 



'■ ' ' ' ' > ;Lf! pra?.': iruilv ihasiHit* 

= - '■ :» p'lni- ! n ? h»' n‘<%‘tnurflt , 

^ ■ '' - ■ ^ ^ f it !' i aalilt* \uts lUT 

i*'* ':■■'• >'■' '■ - < •! i;.,f apsrf-a., uf :!h‘ 

Vit» ’’ - ! , ? ' ; a 'at' a' fI m ! v '■'■ i ?’* -i mt h i^ a 

'■ ' " ' i >a’a-ai.f'a' iMfi nl ^hv fK.t|Na- I bun 

‘f» ■' ' ' .I'.a a.a' iJi \u: b tb»' uf 

'‘**1 ^ I ** ’ ’ a : Mt >' I 'i 'aa* uiit! \; iJliMjfh 

1 a . ' ' ' ; .4 }.!.!’, i bati,'; !Ui‘l!ia<| inf 

‘ 'J ' “ i ' ^ 4 ■' ‘' Hi. ua** in »ti itf lv:sl Is 

-"t-jja'a ■»• ' aHtj naf airiaHy M 

’« rjf-. . ,‘ftp, ff.ai aal iatii. 

\. a, ». ' a.a* !'a ur«' mu i ba i'»fi 

aaaa-., i :; :’a.-, ■.afiaa. ?.*»■ a 'a*aa itiaa if Mf*. I'afibiia 
’A'.’aa 'a''' a.»' -,^:-,aif m! paiiaf lakfii iVum lb«' 

biU! . ; ' . ' » aa,: ■•»' ba-a/ a''-a-. tai, aini liava |}n* 
■‘,aaii.,4 •■ ’ » a-b. t aaiiK br voiilH tint! i!i<^ 

tba-:.,ar,' ' -a.' . »'a-.ibr aabl*-Ufa! af ,■ uafi aiiHtIHU that 
lir '.a-a a , t’- ?; ‘ i * *'"* Hi» a I'ab^b"-- in lha 

I 'ai’f. Ml, r*'f. fi«!i a a. !♦> Ha* u ,a u| laaH 
f4» at-a.'aoiU'.njp ‘ ;iiltt^.*ai,bl»* ‘*parafifiV! ftiiipar* 

afiit» • .a a'-, '-aa !*** uifpa.aa‘a «}|t>sii. If \\v lak#' tin* 
4*,#44/*' '.•'.'ja, if»4,bi f4‘-a»r Imun by Hn* viirM^s ai 
bl a ' * 'b-b'*’’ ''a ! ati ,ait*i!'a‘aa at| -}M |ii*r rniif, 

li|ii 4iii.ia» ' ‘'*'^‘1 ba tar i abt par aani ant! his 

♦lilt!itiia' p.aba,*'' b-l par atia. t bl tlia la* 

HiIKl,p*.a.'‘ '»«. r t ■> n at i fan ! ha a;iblt*". i||t !aa luabnr f *‘ttl{}a|’'a*» 
ttirr' i!l t*u nniaa * •'Una ihufl HI Hia XMnfvr 111111% J 

liuiii.t, if A* '4',1‘i ‘ht a 1 ti«t Hiiak a hf*iH*r ha^HiH in 
to »*a' *' h'f.rraiuii inaib* i^v Mr. Hlilnli and 

4^1, \b ♦' It M-- 4ri»! \-nani Mil. rtafual). i^iva Ihi* 

i4bl. 4fi 4 ; ‘.ai ';i'iii!' t'oi’ ;i ■.liitrt pfritid. 'I'tiii.! i,H 

!„ ,. iftrtf I .ifii' >i,t' (naMimiiif ujii>r;itifi« 

i*‘3j11M»in*l iii Iisi'.'itHii. liifii' itii.'i'l 
(l,i. tj, I’f' "ini' t'ltjiijj.'ittif-s flit* iin'r«’a><' 

i.f .i! tnn'-^ nil iii<'tr 1 Hinilii n«t! 

JI.1M« ;•<)■'.n/ ,iti i'>n.!..;t<i ililllJV* tit ill*' in.''li»u!l' 

u! !•'<• ••((' UV'i>, hul li’:t\i' il ;t,> :t ti'fltiitivt* 

Ihn t .li e anh t' m!(!!U 1IH'|. t»f ihf Xillittliul 

|.l« - !i. iiij-M a I.''<*iitlitt’liiiv':i very ih«»riiii«li 

111-.-j..' u}.i»-c! t.f 

'4‘li 'in I’Hinjitutif.** ittffltil (<* 

‘!.r.! •' i'u • "intiiii(ht'ir liciil 

i-Mhilri 11. .*t<l III' • nrir.jiMiitliny ll■IllJMi'!^lurt's. 1 

ihiiik i' -.s.'t.i.i i..‘ -.It 1! ii li.f lii.*liiuh' Wittihi wiiit iiitlil 
tli.' i Miu.'isf .. . IK. M'jmrt anti ni'iiiii|i»')ni:t!itiii.'.*. 

si««i Hi'-'i i'> i». 1(1 H jKJ.siiifiti hi kiiuw 

%\ li.il a • ahk' ’ •lii *!" 




188 OPERATING TEMPERATURES [Feb. 17 

William Maver, Jr.: I should like to answer Mr. 
Clark’s question as to when the guarantee for cables 
was born. I think that perhaps I was present at the 
birth of that arrangement. Of course,- operating 
engineers were just as human then, 1889, as they are 
tod^ay, and although the manufacture of underground 
cables was strictly in its infancy at that time, the 
operating engineers wanted guarantees. The manu¬ 
facturer of one cable asked my advice as to whether 
they could safely give a guarantee and I advised him 
as follows: 

“If you will exempt mechanical injury to the cable, 
and heat effects you can safely do it, in my opinion.” 
But, of course, the heat effects I had in mind were not 
those you are discussing today. 

An operating engineer of one of the large electric 
light companies, who was negotiating with a cable 
manufacturer for the purchase of a cable asked if 
I thought it would be safe to accept a guarantee of three 
years. I told him I thought it would be, and he took 
the cable. On another occasion I was asked by a cable 
manufacturer if he could safely guarantee his cable for 
three years if subjected to 10,000 volts. I replied 
“If you will let me write the specifications, why, yes,” 
I specified a cable of 8/32ds India rubber. I believe 
the cable was in operation for over nine years, then 
owing to changes in methods it was taken out of the 
subways and put into use as service leads into buildings. 

In 1890-1891, the only types of insulated cables used 
for high-tension electric lights and power circuits, 
were India rubber compounds, and oil impregnated 
fibrous cables. I think impregnated paper did not 
come until seven or eight years later. The high- 
tension circuits employed _a maximum electromotive 
force_ of 4000 volts on direct current arc lighting 
circuits. Subsequently, alternating-current circuits 
of 1000 and 2000 volts were employed for arc and 
incandescent lighting. It was not until the fall of 
1898 that an electromotive force of 6600 volts was 
used on feeders of the Edison Illuminating Co. If I 
am not mistaken the insulating material of these feeders 
was varnished cambric. Otherwise, it was oil im¬ 
pregnated paper. 

The current employed in the arc lighting circuits 
was about 9 to 12 amperes. Hence—the current- 
carrying capacity of these arc lighting cables (which 
comprised the major portion of all the cables) so far 
as it related to increased temperature due to C^R losses 
did not call pressingly for attention on the part of the 
officials _ of the high-tension arc lighting companies. 
The Edison Company no doubt had data on that point 
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from its experience with high current-carrying capac¬ 
ity underground tubes or cables, but as these were 
“low;-tension” cables, their operation did not come 
within my purview. 

There was, however, a condition in the early years 
which related to heat effects. I refer to the high 
temperatures in the conduits due to the presence of 
defective steam pipes in many of the downtown 
streets of New York. By actual tests the temperature 
in some of the ducts was found to range at times from 
100 deg. to 200 deg. fahr. The rules of the Board of 
Electrical Control required that the initial tests of the 
underground cables should have an insulation re¬ 
sistance of 15 megohms per 100 volts per mile, and 
thereafter a minimum of 5 megohms per 100 volts per 
mile. There were some data extant with regard to the 
effect of high temperature on the insulation resistance 
of fibrous cables, but so far as my knowledge went, 
nothing definitely was known on this point with regard 
to India rubber. It became known to me later that 
Sir William Thomson (Kelvin) had made certain tests 
which indicated that bare copper in contact with 
rubber when heated to 100 deg. cent., had a destructive 
effect upon the rubber, oxidizing it and rendering it 
brittle, while platinum had but little effect and silver 
and zinc had none on the rubber under similar condi¬ 
tions. It is assumed that tin would also have been 
neutral and as the copper used in rubber insulated 
cables was almost invariably tin coated, the effect 
noted by Sir William Thomson would probably not 
have been observed on tin coated copper. I undertook 
a series of tests in the early part of 1890 to obtain data 
on the subject. The results of these tests were pub¬ 
lished in the “Electrical Engineer,” New York, August 
12,1891. 

In the early days referred to I do not think it was 
generally anticipated that the current-carrying capacity 
of underground cables for electric light and power 
circuits would be raised to a point where the tempera¬ 
ture would be likely to affect adversely the insulating 
materials of the cables. At least my own views on 
that subject, are disclosed in the following extract 
from a letter that I wrote to a cable manufacturer, 
November 17th, 1893. “The question of the effect 
of the temperature on rubber cables is occasionally 
brought up by those who overlook the fact that rubber 
cables are vulcanized at a temperature of about|300 
deg. fahr. and the statement is sometimes made that 
under increasing temperatures the rubber softens, 
this permitting the conductor to decenter. It would 
certainly be poor policy to employ conductors, as 
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feeders, of such small carrying capacity as to unduly 
raise the temperature of the conductor, but assuming 
that such a wasteful policy should be followed, the 
only effect upon the rubber insulation would be_to 
increase slowly the degree of vulcanization of the cable 
On the other hand, the insulation resistance of fibrous 
cables falls enormously under heat and if such tempera¬ 
tures as those referred to had to be met continuously 
in the subways (fortunately they have not) the fibrous 
cables would not, in the matter of insulation resistance 
be able to meet the electrical requirements of the 

Subway Rules/' ^ „ 

A. E. Kennelly: I want to make a plea for a 

conservative point of view in regard to cable tempera¬ 
tures in our rules, and also for the absence of overloads 
at this time. We have had so much treble with 
overloads in the past, that we should eliminate them 
altogether from the rules. It seems to me all the evi¬ 
dence is in favor of the hottest spot applying to cables 
just as in dynamo-electric machines. It is the same 
material we are dealing with, cellulose, and we know 
from the books in ouriibrary, that cellulose is a durable 
material if it is kept cool and undisturbed, but we also 
know, as soon as the temperature reaches about 100 
deg. cent., molecular decomposition or thermolysis, 
sets in, and produces brittleness, which is probably 
more easily manifested in a bending or tearing test, 
than in a tensile-stress test; so that we may expect as 
soon as the temperature reaches a certain point, that 
decomposition will set ih. We should therefore en¬ 
deavor to avoid exceeding the limiting temperature at 
the hottest spot. That is a simple statement, but the 
difficulty comes in not knowing what the temperatures 
of our cables are, as has been pointed out by various 

speakers and in the papers. , , . i V 

It seems to me that we should attempt to do what 
the manufacturers of dynamo machines have already 
done. They found it necessary not only to take obser¬ 
vations upon machines in factories, and occasionally 
in the dynamo room, but also by inserting permanently 
recording temperature indicators in the large machines, 
and I think it will pay to put in temperature indicators 
in our ducts. Of course we know the problem is 
much more complicated in the case of underground 
duct systems than it is in the case of the simple machine, 
but we have, fortunately, the condition that whereas 
a machine!s vibrations may play a detrimental part 
and tend to accelerate destruction under overheating, 
' in the ducts the temperature changes are comparatively 
slow, and we do not have the agitation, and vibration 
to bring about breakdowns. 
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One of the slides this morning showed the interesting 
fact that Sunday was a day of grace, not only for 
human beings, but also for cables, and there is an 
advantage, therefore, in having a blue law for cables, 
but it may not be an unmixed advantage, because 
if we could keep the temperature absolutely constant 
on a cable, we should avoid all stresses due to expansions 
and contractions, and thereby we might be able to 
insure a longer period of life in cases where the limiting 
temperature has been exceeded, so that possibly the 
contraction that goes on on Sunday may offset some 
of the advantage of reducing the average temperature 
in starting the next week cool. 

If we can run pressure wires inside multiple conductor 
cables, and if the cables were subject to the same 
environment throughout, we might expect to be able, 
by simple recording instruments, to measure the 
resistance, and therefore the temperature in the cables, 
and make a complete record of the temperature of the 
cable itself, making some small correction, perhaps, 
for the difference between the temperature of the 
pressure wires, and the ^ temperature of the active 
conductor or conductors in the cable. 

‘When alternating-current cables are to be considered, 
the difficulty is increased by inductive interference 
from the working wires on to the pressure wires, or 
temperature recording wires, but in the case of direct- 
current cables, that difficulty would be small. The 
temperature measuring wires are perhaps only appli¬ 
cable to new cables, and we want to find out what is 
going on in actual cables already in the ducts. It seems 
to me if we can find a duct section, between two 
manholes, which represents the hottest and most 
crowded condition, provide a spare duct, and run a 
special twisted-pair measuring cable in it,; we can 
measure the average temperature of that special length 
of twisted cable by measuring its resistance. By 
connecting this test cable to a proper recording instru- 
. ment, records can be kept of the'temperature m the 
middle of the cross section of the duct, and the tempera¬ 
ture so obtained should differ but little from the 
temperature of the cables adjacent. ^ ; 

A few measurements made in that way would 
enable us to obtain measurements of great value, 
without much expense, but until we do take steps to 
obtain continuous records, of the temperature in the 
ducts either by thermocouples or resistances, we shall 
be perpetually at sea, and wondering what the tempera- 
tare is. It inmost important, until we do obtain such 
information, that our standardization rules should be 
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very conservative, and not attempt to run up to the 
maximum possible value. 

In regard to the differences of summer and winter 
temperatures of cables in our streets, we know that 
they are very considerable, and that the temperature 
of the cables may be 25 deg. higher in summer than in 
winter, from observations which have been made, but 
that would be all automatically measured if we had 
a continuous record in the central station of the 
temperature in the duct, run, or of a short length 
thereof. Fortunately the heavy loads come on, as a 
rule, in midwinter, when the duct temperatures are 
lowest. 

Frank D. Newbury: I would like to discuss this 
question from the general standpoint of our standard¬ 
ization rules. Numerous references have been made 
to the temperature limit of 105 deg., as now applied 
to Class A insulation in electrical machinery. ^ I think 
it is dangerous to use a temperature liniit established for 
one class of apparatus, or for one application in setting 
the limit for a radically different class of apparatus and 
application. 

It might be interesting to refer briefly to the different 
factors that have influenced engineers in establishing 
this limit of 105 deg. The available information 
relating to the physical characteristics of the materials 
is one factor; another is the conditions surrounding 
the application. One difference between machines 
and cables has been brought out, in that cables are more 
frequently required to be removed and reinstalled than 
armature coils in machines.^ A third, and a very 
important factor in establishing any standard, is the 
personal equations of the engineers concerned in the 
discussion—the ''agreement of minds'' that Prof. 
Adams spoke of—all of our standards are necessarily 
compromises. A ^ fourth, and probably the most 
important factor, is the concensus of opinion based on 
practical operation and experience. In the end, all 
standardization must stand the test of experience. 
A fifth factor is the economic factor of cost All 
standards, to endure, must avoid the danger of undue 
conservatism on the one hand and unsafe operating 
conditions on the other hand. From this economic 
standpoint, different limiting temperatures can be 
justified for armature coils as compared with magnet 
coils, and, possibly, a lower limit is justified in cables 
than in either of these other cases, because the penalties 
of failure may be greater. 

A number of the papers have disclosed very inter¬ 
esting information concerning physical tests of paper 
and other materials entering into cable insulation. 
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From what I have just said^ I think it is evident that 
that alone cannot be a criterion or guide in establishing 
safe limits. If we take the tearing test or other tests 
of the physical characteristics of paper, I think we 
would have to go down much below 85 deg. to be 
entirely safe in this respect. The English tests re¬ 
ferred to by Mr. Torchio, rnade some time ago, showed 
at 75 deg. a marked deterioration, so that this factor, 
considered without regard to surrounding conditions, 
would be a rather pessimistic guide. 

H. C. Dean: It seems to me that not enough 
stress has been laid on the economics _of the problem. 
It is very interesting and desirable scientific informa- 
Hion to know what you can do in an emergency or 
under unusual conditions; but as Mr. Woodrow 
pointed out, if you install your cables so as to obtain 
the most economical loading you will not, except in 
rare instances, have occasion to overheat^ them. 
When we have occasion to check the economics of a 
certain problem, we are usually surprised to find how 
much copper we should use for the most economical 

In particular Mr. Roper mentions 180 deg. cent, as 
being possibly the upper limit for operating nables, 
and I would like to ask whether he has checked an 
installation where this temperature would obtain _^tG 
see whether it would not be more economical to double 
the whole cable installation, rather than to^haye the 
180 deg., and the attendant energy losses. He shwed 
a duct bank with about three empty ducts where 
temperatures considerably over 100 deg. were recorded. 
I would like to ask him whether it would not be more 
economical to fill up the empty ducts than to stand the 
large energy losses that must obtain with those temper¬ 


atures. ,, T „ 

D. C. Jackson: Upon reading these papers I was 

again much impressed by the importance of the natee 
of the insulation under consideration. Ur. Kennelly 
has stated that Class A insulation is fundamentally 
cellulose, but we must qualify that statement, for, nn 
fact, Class A insulation is cellulose plus cementing 
materials. The Class A insulation that we put in o- 
electrical machines has certain cementing materials, 
and that we put into cables has other cementing 
materials. We have not learned mneh about the re<il 
effects of the cementing materials, and we therefore 
cannot say the insulation is the sa,me in these two 
instances. The two may be and probably are different 
in the way they react to the effects of heat. 

What the definition of the standard maximum 
temperature of a cable should be, depends on the way 
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in which you look at it. It also depends upon what you 
consider a cable. As a rule, when one thinks of a 
cable, he thinks of a structurally simple affair, but 
that is not the correct view of the cable. For instance, 
consider a concentric low-tension cable. At the 
center there is a stranded copper conductor with a 
certain character of expansion and contraction with 
changes of temperature. Over this is wrapped paper 
insulation, which has another characteristic of ex¬ 
pansion and contraction with changes of temperature. 
Laid over this is a spiral wrapping of copper wires 
composing the other conductor. Again over that is 
wrapped paper insulation. And outside of the whole, 
IS a lead sheath. Each layer has its own characteristic 
expansion reactions when heat is applied, and the result 
probably is to produce a complex system of stresses. 

When you begin to think how that thing expands 
and contracts, you find you do not know what is 
going on until you have studied it with great care 
experimentally, and that is a feature that we are only 
beginning to study effectively. Mr. Torchio has made 
a very considerable study of the matter, and he gives 
a little light on it in his paper. 

A cable is not a simple thing at all when you heat it, 
but a very complex thing which acts in a very complex 
fashion. One has not only the deterioration due to 
the temperature, per se, but one also has the deteriora¬ 
tion due to complex reactions due to expansion and 
contraction. For this reason it is proper to be cautious 
not to fix the standard maximum of temperature too 
high until all these features are sufficiently understopd 
to be taken into account. 

The standard maximum of temperature should be 
the highest within which we are sure the cable is safe 
for continuous running. Then engineers responsible 
for thf design and operation of plant must individually 
take into account the economic factors (including 
amongst others, the effect oi I R drop on regulation, 
the cost of kilowatt hours converted into heat, and the 
relations of life and first cost of cable if overheated on 
peak loads) when they determine the manner of 
loading the cables under their control. 

I believe that defining the standard TnaxiTu nm 
temperature for these cable structures as the maximum 
of temperature which is safely applicable to continuous 
loads, as adopted for the Standards Rules of the 
Institute is the correct procedure. 

Wm. A. Del Mar: It is interesting to note that 
out of thirteen speakers who have discussed this group 
of papers, six favor the retention of the present tempera- 
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ture limit of 85 deg. cent., four are non-commitUi i and 
only two desire it to be raised. 

‘ It is also interesting that Mr. Middleton’s tests on 
sealed cables seem to be more consistent with mine than 

with Mr. Clark’s. . 

Referring to the Fisher and Atkinson paper, li. will 
be noted that their Fig. 5 is based upon certain experi¬ 
mental results which are given in Fig. 4 and that the 
range of time covered by the experimental results in 
Fig. 4 is quite limited as compared with the total time 
covered by Fig. 5. The curves have been extrapolated, 
where they are shown in broken lines, the scale of the 
curves is logarithmic. Hence, where tests have been 
made up to 1000 hours, by extrapolating a little^ dis¬ 
tance on the diagram, values have _been_ obtained lor 
20,000 hours. I do not think that is quite justifiable 
to take advantage of the peculiarities of logarithmic 
paper to extrapolate to such an extravagant degree. 
In my opinion, the curves of deterioration are not such 
as to form smooth curves on logarithmic paper. For 
example, if the curve in Fig. 7 of my paper were plotted 
on logarithmic paper, it would not run up smoothly 
like Mr. Atkinson’s curves, but would turn sharply to 
the left. However, the method employed in the Fisher 
and Atkinson paper is a very valuable one as a sug¬ 
gestion to the committee, whatever misgivings_ we may 
have of the actual figures obtained by extrapolation. 

Reviewing the group of papers and the discussion, 
it is clear that the industry is not in possession of all 
the facts necessary to solve the problem of temperature 
limits for impregnated paper. Research WOT'k is 
required and there is no reason why it should not be 
cooperative, both producers and consumers participa¬ 
ting in both the control and the expenses of the work. 

Philip Torchio: One of the speakers (in the 
original discussion) stated that one of the fundamentals 
in rating is the “hot spot” temperature; in laying out 
a distributing system, you will have a certain portion, 
say 10 per cent of the whole system, that will carry 
hca-vicr loads or will opcrat© hotter than all the rest. 
It is that 10 per cent that determines the average 
current density of all the rest. If you want to keep 
down the maximum temperature, you will have to 
lower the whole system. For instance, in New York 
the average loading at maximum system load, for the 
last twenty years, has been about 650 amperes, per 
thousand cir. mil, but in different years froni three to 
ten per cent of the feeders carried in excess of 1000 
amperes, ranging through to 1150. These feeders may 
have reached temperatures of 100 and 105, and perhaps 
110 degrees in the winter months during the sharp short 
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duration peak loads characteristic of the service. It 
may be possible that by rearrangement of buses, a more 
even distribution of load on all feeders could be secured,- 
but even then with the existing subway conditions, as 
described by Mr. Maver, there will always be some 
cables having hot spots of 100 to 105 deg. To attempt 
to lower the maximum temperature of the system, the 
average current density for the feeders would have to 
be materially lowered and the cable investment largely 
increased notwithstanding the fact that over 90 per 
cent of the cables now have temperatures considerably 
below the 85 deg. cent, at all times, including the brief 
hours of system maximum load. 

Manufacturers know, and their engineers have all 
here stated that they know that so-called high tempera¬ 
tures of 100-105 deg. have existed on some low-tension 
cables in this country. They have also referred to the 
responsibility of their guarantees as a convincing argu¬ 
ment that they must play safe and oppose the demand 
for higher temperature guarantees, even for over¬ 
loads only. Now, as you have admitted that you know 
that users have operated your cables at temperatures 
of 100-105 and 110 deg., will you not also state what 
have been the claims for damages? I do not repollect 
that any manufacturer has sustained one cent loss on 
such guarantees on any low-tension cable, because I 
do not know of any such failures. 

Some of the speakers have claimed that the A. I. E. E. 
should rule that the limit of safety for cables is 85 
deg. cent, because in practise, one does not know what 
will be the actual temperature of the cable installed in 
practical service. I expect that these gentlemen mean 
to intimate that temperatures of 100-110 deg. cent, may 
exist, but should not be recognized as legitimate ele¬ 
ments of this discussion. I hope that I may remove 
their objections in my conclusions. 

Some references ^ve been made to the Kelvin law. 
That Taw has nothing to do with the physical charac¬ 
teristics of insulation; furthermore, if the speakers 
will consider carefully what are the conditions deter¬ 
mining the ‘^hot spots'' in a distribution system, they 
will find that the Kelvin law has no bearing .upon 
determining what is the safe temperature limit of paper 
impregnated cables for overloads or ^^hot spots." 
The^ Kelvin law applies to the average of the system. 
D^sign of network, voltage regulation or cable reserve 
requirements, buses and range of voltage available, 
arrangements of ducts in subways, loading of cables 
in same trunk ducts, soil characteristics in dissipating 
heat, and many other factors determine the hot spot 
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temperature quite independently of the innocent 
Kelvin Law. 

I want, with all emphasis, to refute the repeated 
assertions made by several speakers that I am advoca¬ 
ting high temperatures for ''normal rating.'^ They all 
implicitly referred to normal rating. These speakers 
entirely overlooked the fact that I stated and I again 
repeat that 85 to 90 deg. cent, are the maximum safe 
limits for "normal rating” of fibrous insulation. 1 
also repeat that for "2-hour overloads” aggregating, in 
duration, less than 10 per cent of the total hours in a 
year, 105 deg. cent, is an absolutely safe "overload 
rating” temperature. Most of you have declared that 
you know it to be a fact that many cables have safely 
operated at even higher temperatures. We confirm 
that understanding. Why should we now bury our 
heads in the sand ? 

The trouble with us electrical engineers is that, having 
been carried away by the fad of "single rating,” we 
cannot see except through that small hole and are 
complacently oblivious _ to all the other factors and 
conditions which enter into the important problem of 
rating. We are headstrong against the evidence ^ of 
satisfactory experience of over 25 years in the design 
and operation of electrical machinery, apparatus^ and 
cables under "continuous loads” and "overload rating. 

The time has come to stop and take a reckoning of 
our course. Let us forget for a minute the commit¬ 
ments we have made in the past. Let us open our 
minds to consider the following simple facts ^ ^ 

In mechanics the "elastic limit” of a material is the 
definite unit stress which must not be exceeded even 
for a brief time because if that limit is exceeded the 
material is permanently impaired even if the excess 

stress is immediately removed. ^ . , 

If we know what is the maximum possible loading 
that will ever be applied to the material, we m^ build 
the structure on the basis of the. elastic limit.^ ihis we 
do in the calculation of overhead cables for trans¬ 
mission lines, assuming the maximum stresses on certain 
conditions of temperature, sleet and wind velocity 
that may prevail in the territory transversed by the 
transmission line. In this case we do not apply any 
factor of safety as we assume that the stresses calculated 
on the worst condition of temperature, sleet and wind 
will represent the worst loading conditions. 

In the development of standardization of machinery 
and. cables, we have lately been applying the same 
principle for "single rating. According to this 
standard, the user, if he exceeds the limit, would assume 

all the responsibility, relieving the manufacture^ from 
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any obligation or guarantee. By taking the af^-^j 
figures of 105 deg. cent, for machinery and 
cent, for cable as the maximum limiting temj)eT^^ 
beyond which the user is warned that if he exceed' 
limit he does it at his own risk and reponsibilif'? 
engineers have implicitly assumed that the 
85 deg. for cables and 105 deg. for machinery ip'] 
definite physical point, like the “elastic limit'' i ^ 
chanics, beyond which it is impracticable to stt*^-""" 
material without impairing its safety. This 
tion is absolutely^ unwarranted and not repres^T^ 
of the true conditions. In fact, in the case of 
the exceeding of the temperature limit above 
for instance, of no importance whatsoever if an ^ 
of even 30 deg. or 40 deg. cent, is only of a temp' 
nature and not sustained for relatively long peri<^‘^ 
time. In fact, the dielectric strength of the 
not impaired at all at even prolonged sustained ten'^- 
tures of 105 deg. cent. Only the tensile str^ 
becomes gradually and slowly reduced after very 
longed application of temperatures of 105 deg. cei' 
over. 

The point that must not be lost sight of is ti 
temperature of 105 deg. cent.', if applied only for < 
hours in each year, will not reduce the useful life c: 
cable. 

Mr. Del Mar has calculated that 105 deg- 
temperature would increase the continuous rating o 
cable 17 per cent. For overloads of 2 hours or les^ 
increased capacity of the cable would accordingly 
from 25 per cent to 33 per cent over the normal rs 
of 85 deg. From these considerations we can arri^ 
the conclusion that by adopting the “double rati 
the user can with entire safety take advantage < 
per cent to 33 per cent increased “2-hour over! 
capacity in his cables whenever he finds it convei 
or desirable to make use of such o verload cap a 
If you insist to condemn the double rating, yoi: 
depriving the user of this 25 per cent to 33 per 
increased capacity in the cables he installs. I dc 
see^a single valid reason presented here today vt 
militates against the double rating with the old stars 
2-hour overload When some of you speak of difj 
ties in determining the time duration of overloac 
the actual temperature in ducts, or quote the IC< 
law and make arguments spurious to the subject^’ 
are befogging the issue. No mechanical engineer w 
stand for lowering the elastic limit of copper or 
15 per cent or 20 per cent below the true elastic , 
on the argument that many users have not aceiL 
means for determining the stresses or the elastic lix 
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on the other hand, they would state that if you do not 
know accurately what the operating conditions are 
you must apply a factor of safety to the size of the 
apparatus hut not underrate the unit strength of the 
material. To fool with the physical characteristics 
of the materials by misrepresenting them with arbitrary 
correction factors to take care of unknown conditions 
in application is a procedure that cannot prevail in the 
long run with good engineering practise. It is wrong in 
principle; it confuses understanding; and it retards 
progress. 

I have produced clear evidence that impregnated 
paper in cables will have unlimited life if operated at 
limiting temperatures of 85 deg. to 90 deg. cent, for 
''continuous rating'' and carry 25 per cent to 33 per 
cent overloads for two hours or less, giving 105 deg. 
cent, for "overload rating." The two largest electric 
power companies in this country have operated cables 
satisfactorily on the above basis for over 20 years and 
their engineers have given the industry the benefit of 
their experience. Will the Institute follow? 

D. W. Roper: Discussion by the several authors 
this morning has exhibited the result that an attempt 
at some cooperation in investigating the subject has 
been made, and I want to bring before this meeting how 
the same subject is being handled across the water. 
There was organized the British Electrical and Allied 
Industries Research Association, and theyhave recently 
contributed to the Institution of Electrical Engineers 
a paper which contains a wonderful amount of interest¬ 
ing data. . . ■ ^ ^ „ 

In looking over this paper, it is found that in a few 
instances they have investigated very thoroughly, 
and have come to some conclusions regarding subjects 
that are still under consideration and investigation in 
this country, and thatfurther some of the subjects they 
have listed as intending to investigate have been quite 
thoroughly covered and conclusions reached in this 
country. 

On the other side they have a far more compact 
organization and formal way of proceeding, and they 
have the assistance of the British government m their 
research work. We have in this country a national 
research council which I understand is organized for 
a similar purpose, and if it is proper I should like to 
bring this point to the attention of the Chairman of 
the proper Committee, and the officers of the Institute 
to see if we cannot get the National Research Council 
to take some interest in this question of the marimum 
permissible operating temperature of paper insulation; 
and also to see if it is not feasible to institute some 
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scheme of cooperation between the bodies on the two 
sides of the Atlantic Ocean that are working on identical 
problems. 

The discussion following the presentation of the 
papers began with, the physical characteristics of the 
paper. A little later questions of operation were intro¬ 
duced and then one speaker brings in questions of 
economics. The several authors and speakers exhibit 
a very wide difference of opinion on the facts regarding 
the physical deterioration of paper under the influence 
of heat and electric stress, and until some agreement can 
be reached upon the facts, it appears to be quite hope¬ 
less to reach any conclusion on questions based on 
these facts. The maximum operating temperature of 
the cables should be determined by the physical charac¬ 
teristics of the materials and it should be left to the 
judgment of the operators of the cables to determine 
in each particular case how much and how long it is 
economical for them to overload their cables. 

Regarding the questions raised by Mr. Dean, it is 
a comparatively simple matter to draw a curve showing 
the relation of the current density to the total annual 
cost of operating the cables, and this is a flat 
shaped curve. The most economical current for any 
particular set of conditions is readily determined from 
such a curve, but the curve is so flat that a rather wide 
change in current density from the absolute minimum 
makes very little difference in the total annual^ cost, 
ihe conditions which determine the curve, however, 
are not very steady. In times of business depression 
or when the cost of raising money is excessive, there is 
always a marked tendency to allow the current density 
to increase, and at other times the tendency is to lower 
the current density, perhaps to a point below the most 
economical density. The extra amount of copper 
installed favorable economic conditions thus 

allows 01 additional load being carried later when the 
conditions change and the net result is that the current 
density fluctuates over a period of years, and the 
aniount of the change is dependent upon the financial 
policy 01 the company as well as upon engineering 
condiuons. During the past few years the conditions 
have been quite unusual. While the war was in 
progress the operating companies were unable to get 
any cable except for the purpose of supplying industries 
or carrying^ on the war. Later when the war was 

materials soared so high that com- 
buy very much cable, and 
price of money increased to such an 
extent that the companies could not raise the money 
to purchase cable. The conditions at the present time. 
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with most companies, therefore, follow a period in which 
the entire tendency was to overload their cables to the 
limit on account of these difficulties. 

H. W. Fisher: There is no reason why we should 
believe that the current carrying capacity of the same 
type of cable made by different manufacturers should 
be materially different. Manufacturers have no imme¬ 
diate way of knowing how their cables will be loaded 
and for that reason we feel obliged to preserve a con¬ 
servative attitude in regard to the currents and 
temperature rating of cables. If 100 deg. cent, were 
given as the maximum rating, there undoubtedly are 
many operators who would not hesitate to operate 
the cables at a considerably higher temperature where 
occasion demands overloads. 

On more than one occasion, the speaker has examined 
cables, taken out of duct systems, the paper of which 
was extremely brittle, indicating that they were very 
much overloaded. Up to the time of withdrawing the 
'Cables, the operating engineers had no idea that the 
cables were overloaded. This would indicate how 
desirable it is to impress upon the rninds of operators 
the great necessity of making periodic surveys of their 
duct systems in order to indicate the maximum rise of 
temperature. In many cases it is possible to place a 
maximum and minimum, recording thermometer in 
duct systems and determine the maximum and mini¬ 
mum temperatures. I believe until operating engineers 
universally realize the necessity of making periodic 
surveys of temperature conditions in their duct systems 
and actually carry out this important investigation 
work, that it would be unsafe to materially change the 
A. I. E. E. rule which has proved to be a safe one. 

R. W. Atkinson: Undoubtedly the comparatively 
meager information which there is regarding the aging 
effect of high temperature upon paper insulation is the 
result first of the long time required to make useful 
measurements, and second of the fact that no satis¬ 
factory apparatus for determining the aging effect 
has been available until recently. Thus, for example, 
if all of the data which have been obtained as to change 
in tensile strength due to aging, could be used, ^ our 
knowledge of the subject would long ago have been 
very fair. On the other hand, now that we have avail¬ 
able a fairly satisfactory method of measuring one of 
the effects of aging, namely the effect on tearing 
resistance, we need be careful that we do not overlook 
as important, but less easily measured effect of heat 
upon cables such as for instance that of longitudinal 
expansion and contraction of the whole cable due to 
changes of temperature. 
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The extrapolation of data in Fig. 5 was questioned 
by Mr. Del Mar. It is true that it is always dangerous 
to extrapolate and that extrapolated values can be 
used only with full reservation. However, it is a 
common engineering practise to extrapolate where 
iDetter data are not available and is entirely allowable 
if the conclusions obtained in that way are used with the 
proper degree of caution. It is granted that the caution 
is very important. 

During the discussion, mention has been made of 
cable for operation at 7500 volts and the fact that condi¬ 
tions are different for these, and perhaps different 
also for somewhat lower voltages, that is, 2000 or 
5000 volts. It seems that such differences are actually 
outside of the sphere of the present discussion and that 
the expression ^dow voltage^^ should be defined for the 
purpose of the present discussion so as to exclude any 
operating voltage which imposes any more severe 
condition than say 500 or 600 volts operating pressure. 
Cables for operation at higher voltages would then 
come under this discussion only to the extent that the 
difference in. voltage would produce no important 
change m the conditions. It is to be presumed that 
2000 volts, or 5000, or 7000 volts will make compara¬ 
tively little difference in the limiting temperature, 
but to whatever extent there is a difference, the ques¬ 
tion is taken outside of the present subject. 

Mr. Roper made calculation of temperatures of 
cables on the basis of an article by the writer in the 
September 1920 Journal. ^ As I understand it, Mr. 
Roper has^ used the data given for temperature rise 
under continuous load, for determining the temperature 
nse attained by his cables under intermittent loading. 
He has used these data for indicating that certain very 
high temperatures were attained by the copper and the 
insulation next to it. Now, it is perfectly safe to 
calculate the temperature rise of aoable for intermittent 
load as though the load were continuous if that calcula¬ 
tion IS used as a basis of limiting the load of the cable. 
On the other hand, if that calculation is intended as a 
basis for^ determining temperatures which have been 
attmned in the past and which therefore are considered 
to be allowable in the future, incorrect and unsafe 
values are found. I do not know to what extent this 
comment may apply to the particular calculations just 
mentioned, but it is important enough to invalidate 
conclusions, where it is not given due consideration. 

. r* V * ^ 7 ”^* its further study of this subject, 
it IS hoped that the Institute may finally specify the 
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permissible temperature at which paper insulation 
in cables may be safely operated, and that when so 
specified its decision will be accepted by all. Since the 
responsibility of operating engineers to their executives 
and the public they serve is a serious one, it is extremely 
desirable that the final decision in this matter as affect¬ 
ing the industry does not rest upon the judgment of 
those who will take the gi-eatest risks, for in the end it 
is the public which finally pays all costs. 
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Abstract of Paper 

This paper briefly outlines first the history of the de¬ 
velopment of carrier multiplex telegraphy and telephony. 
The fundamental principles underlying particularly the 
newer developments of the art are then discussed. 
Consideration is likewise given to the propagation 
characteristics of open wire lines, including those con¬ 
taining intermediate lengths of cable. ^ Commercial 
types of apparatus and actual ins.tallations are then 
described and a brief statement made as to further ap¬ 
plications of the art. 


T he carrier method of multiplexing telephone and 
telegraph lines is technically one of the most 
interesting and important of the developments 
which have been perfected in the art of electrical 
communications during the past few years. In this 
paper we are giving a brief sketch of the development 
of this artj an explanation of the principles on which 
it is based, and a description of the applications which 
have been made in the plant of the Bell Telephone 
System. 

In a carrier multiplex system, a number of separate 
telephone, telegraph or signaling messages are super¬ 
imposed simultaneously on a single electrical circuit 
by employing a separate alternating current, usually 
called a “carrier current,” for each of the separate 
messages. This carrier current is made to vary in 
accordance with the variations of current representing 
the telephone, telegraph or signaling message. The 
different carrier frequencies which are superimposed 
on a circuit must differ sufficiently in frequency so that 
they may be separated from each other at the terminals 
by the use of proper electrical circuits. Each carrier 
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may be of either audible or ultra-audible frequency, but 
its frequency must be higher than the highest fre¬ 
quency represented in the message to which it corres¬ 
ponds. These currents are known as carriers, since 
in a sense, they may be said to "'carry"' the telephone, 
telegraph- or signaling currents by which they are 
controlled. 

The underlying principles of such systems are old 
in the communication art and indeed go back to the 
date of the invention of the telephone itself, for it 
will be recalled that it was Bell's experiments with the 
vibrating reed t 3 q)e of multiplex telegraph system which 
led to his discovery of the telephone. A short history 
of the art during the forty odd years that have elapsed 
between the conception of its possibilities by the early 
communication pioneers and the present realization 
of their hopes is given below under the heading "‘His¬ 
torical." 

In looking back over the early history of the carrier 
art it is now clear that the development of successful 
multiplex carrier systems had necessarily to await 
not only the evolution of the fundamental ideas for 
carrier operation, but also the development of radically 
new types of apparatus and the developments in elec¬ 
trical wave transmission over wires which have charac- 
terized the recent progress of long-distance telephony. 

The telephone and telegraph systems which are 
described in this paper are in daily use over long toll 
circuits in the Bell telephone system. The telephone 
installations in service furnish simultaneously as many 
as four two-way telephone conversations over each 
circuit in addition to the telephone and telegraph 
facilities normally afforded by the circuit. The tele¬ 
graph systems in service are arranged to furnish as 
many as ten duplex carrier telegraph circuits over 
each circuit in addition to the telephone and telegraph 
facilities normally afforded by the circuit. These 
figures do not indicate the maximum numbers of facili- 
ties which it will be found economical to employ 
ultimately, but cover the facilities furnished by the 
systems which are now commercially employed. 

The increased circuit facilities obtained in this way 
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are, in general, up to the high standards set for the 
best grade of long-distance circuits. They are re¬ 
latively stable and are maintained by the regular 
telephone plant personnel. The carrier circuits, both 
telephone and telegraph, are so designed that as cir¬ 
cuits they fit in completely with the more usual cir¬ 
cuit facilities of the telephone system. They may be 
connected with each other and with ordinary circuits, 
and, in general, present much the same degree of prac¬ 
ticability and flexibility of operation as do the more 
usual forms of circuits. 

While the development has thus succeeded in making 
available to the co m munication art new types of cir¬ 
cuit facilities, these facilities can only be made to meet 
the high standards required in a public service plant 
by the use of correspondingly high-grade equipment 
which, unfortunately, is correspondingly expensive. In¬ 
deed, the cost of these systems, at least at present, is such 
as to make their use economical only over relatively 
long toll circuits. For short-distance toll service, and 
for local exchange service, the equivalent facilities 
can be provided more cheaply by the older methods. 

Historical 

As indicated above, the multiplex carrier art had 
its origin in the harmonic telegraph systems dating 
back to the time of the invention of the telephone 
itself. With such alternating-current telegraph sys¬ 
tems are associated the names of Gray, Bell, Van 
Rysselberghe, Edison and Mercadier. The multiplex 
feature of these systems is well illustrated by 
Fig. 1, which is a reproduction of a diagram of Elisha 
Gray’s system published^ in 1886. 

In this figure, the circles numbered 1, 2 and 3 
represent vibrating reed transmitting instruments 
while those numbered 1', 2' and 3' represent the 
corresponding receiving electromagnetic reeds. When 
one of the transmitting reeds is vibrated, the electrical 
waves sent out set into oscillation the correspondingly 
tuned receiving reed which thus gives out an audible 
note. The systems invented by these pioneers are 

I. Leblanc, M., “Le Telepbone Multiplex,” La Lumiere 
Electrique, p. 97, Apr. 17,1886. 
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all characterized by the use of the mechanical resonance 
of tuned reed instruments for generating and selecting 
the carrier frequencies involved. This type of system 
has been more fully developed by Mereadier. 


1 2 3 


L 


Series Arrangement 


l' 2' 3' 

_. _ 


□ E Q 



Fig. 1 

(Multiple Harmonic Telegraphy) 


The Art of the 1890’s. Shortly after 1890 there 
occurred the next outstanding development in this 
art, namely, the use of electrical resonance instead of 
mechanical resonance for selecting the carrier fre¬ 
quencies. An interesting piece of technical history is 



disclosed in the manner in which several investigators. 
Professor Pupin, Hutin and Leblanc, and John Stone 
Stone, independently invented about the same time the 
electrical method of selection of a plurality of carrier 
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frequencies. Pupin was adjudged the earliest in¬ 
ventor in the United States. His original system is 
illustrated in simplified form in Fig. 2.^ 



Fig. 3 

(Pupin—1898) . 


In order to permit the successive figures in this 
historical discussion to be readily followed, a uniform 
system of lettering their important parts has been 
employed. These conventions are as follows: 

Q == Generator of carrier current. 

T = Telegraph key, telephone transmitter or 
other carrier modulating device. 

L = Line. 

S = Selecting or tuned circuit. 

D = Detector. 

A = Amplifier. 

R = Receiver. 

D jR — Detecting receiver. 

£; = Earth. 



Fig. 4 

(Hutin and Leblanc—1892) 

By following this lettering Fig. 2 will be readily 
understood. It will be noted that at each end the line 
branches into three parts, and that each circuit is 
tuned by capacity and inductance to a particular 

2. FromU. S. Pat. No. 707,007,1902. 
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requency. It will be seen, furthermore, that each 
0 the channels derived in this manner is arranged for 
^nding in both directions, although not simultaneously, 
^ach generator consists of a self-excited tuning fork 
driving a contact or a microphone transmitter. Re¬ 
ceiving is accomplished either by a telephone receiver 
er y a vibrating reed device which is operated bv a 

microphone amplifier. 

_ Pupin also invented an electrolytic detector for use 

m ^ch alternating-current telegraph systems as shown 
m Fig. 3.3 

The function of this detector was to ■ rectify the 
alternating current and thus enable a d-c. tele¬ 
graph relay to be operated from the rectified current. 

IS marked the beginning of the use of separate 
devices for performing the two primary functions of 
carrier receiving;^ (l)thatofreproducingfromthecarrier 
the current variations which represent the original 
signals, and (2) that of indicating the signals, as by a 
relay or telephone receiver. The separation of these 
two functions is important in the carrier art because 
it permits the place at which detection is effected to 

be separated from that at which the indication or 
interpretation occurs. 

While the contributions up to this time were con¬ 
cerned primarily with telegraphy, they were very soon 
carried over into the field of telephony (still in the 
early 90’s) by such pioneers as Gibboney, Hutin and 
Leblanc, and Stone. Their predecessors were con¬ 
cerned with the use of carrier frequencies of the or¬ 
der of a few hundred cycles, whereas, these inventors 
appreciated the necessity of employing for telephony 
carrier currents sufficiently high in frequency to 
preserve the characteristics of the voice currents. 
Thus we find suggested at this early date the use of 
carrier currents in the tens of thousands of cycles, 
which values have since proved to be in the preferred fre¬ 
quency range. Hutin and Leblanc so simply illus¬ 
trated the use of relatively high-frequency alternating 
currents for telephony that it is useful to reproduce 


3. From U. S. Pat. No. 713,044,1902. 
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their early diagram as shown in Fig. 4/ for the purpose 
of obtaining in our discussion an appreciation of the 
principles involved. 

This is a carrier telephone circuit of the simplest 
type, arranged for a single one-way transmission. Con¬ 
nected in the line are three elements, the generator 
of the high-frequency currents G, the voice-actuated 
modulator T, and the detector-receiver DR, The 
generator is a high-frequency commutator; the modu¬ 
lator is a microphone transmitter; and the receiver 
which is of the dynamometer type serves the double 
function of detection and of translation into sound 
waves. 

Multiplex operation of this type of carrier telephone 
channel as devised by these French inventors at the 
same time (about 1892) is also representative of these 
early contributions to carrier telephony and is repro¬ 
duced in Fig. 5K Here we have the carrier telephone 
channel of Fig. 4, arranged for multiplex operation 
by the use of electrical selection, each of the carrier 
circuits being tuned by capacity and inductance 
to its own carrier frequency. 

As indicated the carrier currents of all the channels 
are introduced into the line at a common point through 
a transformer. At each terminal the line divides into 
four branches. Each sending branch contains a micro¬ 
phone transmitter T connected into circuit through a 
transformer. Each receiving branch contains a dyna¬ 
mometer receiver D R, The condenser in each trans¬ 
mitting circuit and the inductance in each receiving 
circuit were employed in tuning the channels. 

The multiplex system invented by John Stone 
Stone® was very similar to those illustrated above for 
Pupin, and Hutin and Leblanc, and is therefore not 
illustrated. It did, however, contain an important 
improvement over those of his contemporaries in that he 

4. From U. S. Pat. No. 596,017, 1897, British Pat. No. 
23,892,1892, French Pat. No. 215,902,1891. 

5. British Pat. No. 23,982, 1892; French Pat, No. 215,901, 
1891. 

6 U. S. Patents Nos. 726,368, 1903; 726,476, 1903 ; 729,103, 
1903:729,104,1903. 
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tuned the local branch circuit individually instead 
of tuning the system from end to end for each 
carrier channel, as did Pupin, and Hutin and Leblanc 
(see their figures). This improvement is evident 



Carrier 

Generators j 
Pig. 5 

(Hutin and Leblanc—1892) 

also in a system which he developed shortly after- 

especially for high-fre(3[uency transmission. 
This is illustrated in Fig. 6.^ 

Stone devised and tested this system in the laborator¬ 
ies of the American Bell Telephone Company in 1894. 
The high-frecjuency currents were generated by means 
of small arcs which were fed from a d-c. source 
through a suitable choke coil. One of the electrodes 



(Stone—1894-96) 


of each arc m Fig. 6 was made light in weight and 

was attached to a diaphragm which served, when acted 
upm^y voice air waves, to modulate the high-fre- 

7. From U.S, Pat. No. 638 , 152 , 1899 . 
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quency currents generated by the arc. The particular 
arrangement illustrated is also of interest in showing 
he tuned circuits at both the sending and receiving 
ends as associated with the line in a series manner, an 
arrangement which is an alternative of the parallel 
.connections previously illustrated. 

It is also of interest to note in connection with these 
older multiplex telegraph systems that Van Ryssel- 
berghe recognized as early as 188& the advantage of 
superimposing the alternating-current circuits on an 



Fia. 7 

(Rxilmier—l909-10) 


ordinary d-c. telegraph circuit, thereby enabling 
the ordlmary telegraph wires to be employed for the 
transmission of the multiplex system. While the 
idea of extending the range of frequencies employed in 
the multiplex system down to zero frequency and there¬ 
by including the d-c. signaling circuit would 
natimally be obvious in a more advanced stage of the 
art,^its invention at this early date illustrates the clear 

engineering appreciation these earlier inventors pos¬ 
sessed. 


It will be seen, therefore, that the foundation of the 
carrier art was laid back in the 1890’s, at which time 

these cardinal features: 

1. Electrical selection or tuning. 


8. U. S. Patent No. 363,188,1887. 
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In 1910 and 1911 Major, now Major-General, Squier 
carried out a set of experiments employing a carrier 
channel operating over a short telephone cable circuit. 
The announcement of his work popularized interest 
in this art, and the paper which he pfesented before 
the Institute in May, 1911 brought out considerable 
discussion. 

The system which he used in his experiments is 
illustrated by Fig. 8.^^ This figure shows a carrier 
telephone channel operating over the wires of an ordi¬ 
nary telephone circuit. A high-frequency alternator 
is employed to generate the carrier current, a micro¬ 
phone transmitter is used as a modulator, tuning is 
employed at the sending and receiving ends, and a 
radio detector is employed in the receiving circuit. 

As a part of the evolution of the radio art, there was 
developed in its early and somewhat crude form a device 
which was destined to play an extremely important 
part, not only in radio, but in wire communication as 
well, that is, the thermionic tube. Originally in¬ 
vented by Edison, this device was first applied as a 
radio detector by Fleming about 1904. DeForest in 
1906 made a vital contribution by adding the grid, 
and thereby laid the foundation for its use as an 
amplifier. The history of this very remarkable device 
is so well covered in recent technical literature that 
we will discuss it here only in connection with its 
specific application to the carrier art. 

The preceding history brings us up to about 1912. 
About this time an important step was taken toward 
the adaptation of the vacuum tube as a non-distorting 

amplifier by the addition of a negative grid battery bv 
Lowenstein. 

Since the above date, in addition to the active 
developments which wer e carried out in the Bell System 
and are described below, certain other investigators 
have been working in this field, among whom may be 
mentioned the General Electric Company, U. S. Signal 
Corp Engineers, Lee DeForest and certain European in- 
vestigat ors, especially in Germany and France. In the 

12. From Pig. 6 of Squier’s A. I. E. E. 1911 paper. Also 

Fig. 1 of U. S. Pat. No. 950,356,1911. 
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attached bibliography will be found references to the 
^ore important publications which have been made 
by such investigators. 

Bell System Developments, The most important 
developments, which have occurred since 1912 and 
principally the work of the Research and 
eve opment Departments of the Bell System, may 
be stated as follows: 

1. Dey-elopment of the thermionic vacuum tube into 

^ ^ stable instrument for amplification, 

modulation and demodulation. 

2. Development of the electrical filter and an im- 

prove technique of separating electrical currents of 
different frequencies. 

nwr technique of transmission 

wres, particularly in connection with repeater 

operation and of methods for overcoming interference 
Between circuits. 

systems operation of commercial carrier 

developments which have 
operation, it should be appre- 

memally successful it must compete on equal temis 

must hall?"^ ™ circuits, that is, it 

mi^t have the same degree of reliability and stabilitv 

Privae/atd S 

tern must Hp ^ -kf ^rference. Moreover, the sys- 

and mi«t ®>PaMe of being readily maintained 

taciliaifmi.Sd manner with any of the 

MS te ft A” of eonditiona 

must De met at a cost less than that of the ordirinT-cr 
types of circuits for similar service. ^ 

bee? SlribeT w ^ repeater has already 

oeen descnbed before the Institute,!^ as has also i>; 

applicat ion to radio telephony, 

13. Gherardi and Jewett A T Til tt tr., 

1919. •^••‘^■®-Tbans.,pp. 1287-1345, 

14. Craft and Colpitts A T it' v rn 

P tis, A. 1. JS. B. Tbans., pp. 305-343,1919. 
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The success which attended these two lines of 
development indicated that in this one device was 
embodied the solutions of many of the controlling 
diflGiculties that had previously stood in the way of 
the commercial development of carrier systems. In 
connection with a resonant circuit, the vacuum tube 
provides a compact and reliable source of continuous 
oscillations of readily adjustable frequency. As an 
amplifier of both low- and high-frequency currents, it 
removes the necessity for excessive line currents. ^ As 
a modulator and demodulator, it provides an ideal 
means of impressing the voice waves^ on the carrier 
current, and of restoring them to their original form 
at the receiving end. These tubes have, moreover, 
been developed into devices which are very stable and 
reliable in operation, and may be maintained with 
only routine periodic supervision. 

Electrical Filters. Another development which has 
been of vital importance in the success of carrier tele¬ 
phone systems is that of the *^and-filter^' invented by 
G. A. Campbell.^® Without such electrical filters, it 
would be impossible to utilize economically the re¬ 
latively low-frequency range employed in the present 
carrier telephone systems, or to separate various 
channels in this range from each other or from the ordi¬ 
nary telephone and telegraph channels. The simple 
tuned circuits of the prior art would either introduce 
prohibitive distortion or, if made sufficiently non- 
selective to avoid distortion, would require placing 
the carrier channels widely apart in frequency. The 
Campbell filter, therefore, enabled the carrier channels 
to be squeezed closely together at comparatively low 
frequencies where the difficulties of transmission 

over lines are at a minimum. 

Transmission over Wire Circuits. Since the at¬ 
tenuation over wire circuits is much greater at carrier 
frequencies than at the ordinary telephone frequencies, 
the successful operation of carrier systems is particu¬ 
larly dependent on the use of repeaters at comparatively 
frequent intervals in the line. This has required the 
development of high-frequency repeaters involving the 
'15. .U. S. Patents No. 1,227,113, 1,227,114, of 1917. 
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The entry of this country into the war brought the 
work to a standstill for a time. However, the same 
cause created a demand for more telephone circuits 
between Washington and Pittsburgh. It was decided 
to meet this demand by a trial installation of a carrier 
telephone system between Pittsburgh and Baltimore, 
from which point cable circuits to Washington were avail¬ 
able. In view of the urgency of the situation, the appara¬ 
tus used in the earlier field experiments was adapted to 
equip the Pittsburgh terminal, while new apparatus 
was built for the Baltimore terminal. This carrier 
system went into service and has since been operating 
satisfactorily. 

Principles of Operation 

GeTievciL An adoquatG understanding of carrier 
systems reQuires a consideration in some detail of the 
fundamental principles underlying their operation. 
Some of these principles, which are also important in 
connection with telephone repeater operation and in 
connection with radio telephony, have already been 
discussed at some length before the Institute in papers^® 
on those subjects as referred to above. Emphasis will 
therefore be placed on those features which pertain 
more strictly to carrier operation. 

The underlying principles of carrier systems will be 
described in their application to carrier telephony. 
Their application to the somewhat different conditions 
of carrier telegraphy will be treated separately in a 
Intersection. 

We will first discuss those features which are in¬ 
volved in a single one-way carrier telephone trans¬ 
mission channel, including generation of carrier current, 
modulation and demodulation or detection. Next 
will be considered multiplex operation in a single di¬ 
rection, involving separation of channels by selective 
circuits, followed by a consideration of two-way opeira- 
tion of single and multiplex channels. Next will be 
presented an explanation of another type of system 
in which no unmodulated carrier current is transmitted 

16. Gherardi and Jewett, loc. eit. 

Craft and Colpitts, loc. eit. 
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over the line and of a special mode of carrier current 
generation particularly adapted to this system. Finally 
the repeaters used for amplifying the currents of car¬ 
rier frequency at intermediate points, and certain 
other matters such as ringing and the assignment of 
carrier frequencies will be discussed. 

Fig. 9 shows schematically the circuits involved in a 
single one-way channel. The source of carrier fre¬ 
quency shown is a vacuum-tube “oscillator. ine 
operation of oscillator circuits in their many foms 
has been so thoroughly covered in the recent technical 
literature as not to require detailed discussion here. 



Modulation. The process by which the carrier cur¬ 
rent produced by the oscillator is so combined with the 
voice currents from the telephone transmitter, that 
the variations of the latter are impressed upon the 
former, is known as “modulation,” and the tube 
circuit in which this is accomplished is known as the 
“modulator.” 

It will be noted in the circuit shown that the poten¬ 
tials of carrier and voice frequencies are applied in 
series in the grid circuit of the modulating tube to¬ 
gether with a steady voltage from a battery. Owing 
to the non-linear relation, which exists between the 
plate current and grid voltage, the output current 
of the tube is not simply a reproduction of the alterna- 
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the modulating current (here a sinusoid) and the carrier 
current, the amplitude of the latter varies in accord¬ 
ance with the instantaneous value of the former. 
Hence, even though the relatively low modulating 
frequency itself be removed by a selective circuit, its 
variations are preserved in the wave form of the higher 
carrier frequency. The form of this modulated carrier 
waveis shown in Fig. 11. Here curve A showsamodula- 
ting wave of irregular form representing the voice 
current, curve B the carrier wave, and curve C the 
modulated carrier wave, whose envelope has the form 
of the modulating wave. 

As it is not at once obvious from an inspection of 
this modulated carrier wave what must be the frequency 
characteristics of a circuit which is to transmit it to 
a distant station, it seems worth while at this point to 
consider what component frequencies are present in 
the carrier wave and which of these are essential. 
The case is exactly analogous to that of attempting 
to design circuits for ordinary telephone transmission 
from a consideration of an oscillogram of a voice wave 
rather than from an analysis of its frequency charac¬ 
teristics. In the case of ordinaiy telephony, the prob¬ 
lem has been solved by analyzing the voice wave into 
its components of various frequencies and ascertaining 
which of these frequencies it is essential to preserve 
and which may safely be neglected. This analysis 
has been accomplished largely in an experimental way 
through the use of electrical circuits selective to par¬ 
ticular ranges of frequency. As a result of these 
experiments, it has been determined that speech of 
satisfactory commercial quality may be secured if the 
circuit is capable of transmitting all sustained alter¬ 
nating currents whose frequencies lie, let us say, be¬ 
tween 200 and 2000 cycles per second. These limits 
having been determined, the apparatus may then be 
designed on the basis of its meeting these requirements 
as to the transmission of sustained single frequencies. 
The information accumulated at voice frequencies 
can be applied directly to the solution of the carrier 
current problem and, incidentally, to radio telephony, 
provided we know what component frequencies are 
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present in the modulated carrier wave and what re¬ 
lations exist between these components and the com¬ 
ponent frequencies of the modulating or voice wave. 
For a complete discussion of the analysis of a modu¬ 
lated wave into its component frequencies, reference 
may be made to a publication by Carson*®; and for 
‘ its application to vacuum-tube operation to van der 
Bijl*®. While it is known that a modulated wave can 
be resolved into a large number of component fre¬ 
quencies, it is necessary to consider here only those 
components which are directly involved in carrier 
transmission. 

Assume for the moment the complex voice wave to 
be replaced by a sinusoidal current of a frequency 



Isring somewhere in the voice range. 


The envelope 


of the modulated wave will approach closely a sine 
curve and we may assume the value of the current 
at any instant to be given by the equation: 

i = P {1 + k cos q t) cos p t. 

This equation represents a carrier current of frequency 

whose amplitude varies sinusoidally between the 

Ztt 

% 

values (1 — k) P and (1 + k) P; k being proportional 

to the amplitude of the modulating wave. By simple 
transformation, this may be resolved into its com¬ 
ponents, giving 

k 

i = P cos p f + P [cos (p + q) t + cos (p — q) t] 

The first term represents a component of carrier 
frequency whose amplitude, P, is altogether indepen¬ 
dent of q and of k; and therefore it has no part in con¬ 
veying the characteristics of the modulating wave to 
the distant station. These characteristics are pre¬ 
served by the remaining two terms, whose frequencies 

18. Proceedings I. R. E., Vol. 7, page 187,1919. 

19. “Tie Thermiome Vacuum Tube,” 1920, McGraw- 
Hill Book Co., Inc. 
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are respectively the sum and difference of the carrier 
and modulating frequencies, and whose amplitudes 
are proportional to the product of the carrier and modu¬ 
lating waves. 

From this it follows that every component fre¬ 
quency of a modulating voice wave is represented in 
the corresponding modulated carrier wave by two com¬ 
ponents, one of which is greater in frequency than the 
carrier wave by the frequency of the voice component, 
and the other of which is less by the same amount. 
We may therefore be certain that all of the essential 
components of the voice wave will be preserved if 
those components of the modulated wave are trans¬ 
mitted whose frequencies lie within two frequency 
bands, one of which extends from the carrier frequency 
plus 200 upwards to the carrier frequency plus 2000 
and the other from the carrier frequency minus 200 
down to the carrier frequency minus 2000. These 
are known as the upper and lower side bands, respec¬ 
tively. 

While the above discussion refers more specifically 
to the use of the vacuum tube as the means for effecting 
modulation of a carrier current, it should be understood 
that any device possessing a non-linear current-voltage 
characteristic will operate more or less effectively as a 
modulator. , 

Demodulation. By the term “demodulation” is 
meant the process of reproducing the original low-fre¬ 
quency modulating wave from the carrier wave upon 
which it has been impressed. Various methods of 
accomplishing this result have been known for many 
years, such as the use of the electrolytic detector of 
Pupin or of crystal detectors of various fo rms . 
All of these operate by virtue of their non-linear current- 
voltage characteristics. The instrument which has, 
.however, come to be employed almost exclusively for 
this purpose is the three-element vacuum tube, and 
the following discussion presupposes its use. 

For a concrete example of the use of the vacuum 
tube as a demodulator, reference may be made 
to Fig. 9, where at the receiving station a modu¬ 
lated wave is shown applied to the input circuit of a 
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vacuum tube. This figure also shows a low-frequency 
amplifier in the output circuit of the demodulating 
tube. Because of the bearing of demodulation on the 
transmission requirements of the system as a whole, 
we will discuss this matter at some length. Anyone 
desiring to pursue the matter still further is referred 
to the publications^” already cited under “Modulation.” 

The operation of the demodulating tube is exactly 
similar to that of the modulating tube, in that if 
voltages of two different frequencies are applied to its 
input circuit, there appears in its output circuit, a 
complex current wave. When the output current wave 
is resolved into its components, we find currents iden¬ 
tical with the two frequencies which had been applied 
to the input, one component whose frequency is the 
sum of the applied frequencies, one component whose 
frequency is the difference of the applied frequencies, 
and a large number of harmonics and sum and differ¬ 
ence frequencies. The amplitudes of the two currents 
whose frequencies are the sum and difference of the 
applied frequencies are proportional to the product of 
the amplitudes of the applied voltages. When, there¬ 
fore, the received modulated wave is applied to the 
demodulating tube, we may determine the frequencies 
and relative amplitudes of the components of voice 
frequency in the output circuit of the demodulator by 
considering the interaction of the various pairs of 
frequencies in the modulated wave. 

Obviously frequencies in the voice range can occur 
in the demodulator output circuit only as the difference 
of two components of the modulated wave. If we 
subtract the carrier frequency from any component of 
the upper side band, the result is the original speech 
frequency which produced that component. The 
interaction of the carrier and the entire upper side 
band therefore reproduces all the components of the 
voice wave with their proper relative amplitudes, since 
the amplitudes of the side band components are pro¬ 
portional to those of the original voice components, 
and that of the carrier is the same for all of them. The 
reproduction of the original voice wave also results 

20. Carson, loc. eit.; van der Bijl, loc, eit. 
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from the interaction of the carrier with the lower 
side band. 

It is evident that since speech can be reproduced 
from either side band alone, there is no necessity for 
transmitting both. Accordingly, the selective circuits 
to be described later can be so designed as to transmit 
only one side band. As this effectively halves the 
range of frequencies assigned to each channel, its 
great importance is at once obvious. The effect on 
the wave form of suppressing the upper side band is 
shown by curve D, Fig. 11. It is seen that in addition 
to the form of the envelope being changed, the times 
at which the current passes through zero are no longer 
equally spaced. 

It is necessary to consider the interactions between 
the^ frequency components of the side band itself, 
for if, in the case of telephony, the voice wave includes 
components of more than one frequency, each will be 
represented by a corresponding component in the side 
band. The interaction of two of these component 
frequencies, simultaneously present in the side band, 
gives rise to a component in the output circuit of the 
demodulator, the frequency of which is the difference 
between those of the corresponding two components 
of the original voice wave. Such currents will have 
a serious effect on the quality of the reproduced speech, 
if their amplitude is comparable with that of the re^ 
produced voice currents. The amplitude of this 
distorting component is proportional to the product 
of the amplitudes of the two side band components, 
whereas the amplitude of each of the two components 
of the desired voice current is proportional to the 
product of the amplitudes of its corresponding side 
band component and the carrier. The reproduced 
voice current can be ma,de large compared with the 
distorting current only by insuring that the carrier 
is large compared with every component of the side 
band. As a result of this, it follows that in order 
to secure good quality it is necessary that the greater 
portion of the energy applied to the demodulator 
consist of unmodulated carrier frequency., 

The behavior of the receiving appiaratus—^that is. 
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the demodulating tube—to interfering currents, such 
as may be produced by induction from external sources 
of electrical energy, so-called static interference, etc., 
can be directly deduced from the above considerations. 
With properly designed selective circuits only those 
line currents whose frequencies lie in the range of the 
side band being transmitted can reach th,e demodulator. 
These can produce noise of voice frequency either by 
interaction with the currents normally associated with 



Fig. 12 


that channel or by interaction with each other. Unless 
the interfering currents are of greater amplitude than 
the carrier current, in which case commercial operation 
is impossible, the noise components of the greatest 
amplitude result from the interaction of the inter¬ 
fering currents with the carrier current. The noise 
current in the output circuit therefore bears the same 
ratio to the reproduced voice current as the interfering 
line current does to the side band current. It follows, 
therefore, that in designing a system it is the side band 
current, in which are preserved the characteristics 
of the speech, which must at all points along the line 
be kept large compared with the extraneous disturbing 
currents lying within its range of frequency. This 
consideration has a very important bearing on the 
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etetrical design of apparatus operating on the carrier 

principle, whether dealing with wire or radio trans¬ 
mission. 

_ While our discussion of modulation and demodula¬ 
tion has been made as concise as possible, it is evident 
from the foregoing that these two are complementary 
processes. Modulation may be thought of as e\l 
vating the band of essential speech frequencies to a 
position adjacent to the carrier frequency, and de¬ 
modulation may be regarded as the process of re¬ 
storing this band to its normal position in the frequency 
scale. In Fig. ^ 12, the band of voice frequencies is 
shown, below, in its normal position before modula¬ 
tion, and above, in the position adjacent to the carrier 
frequency to which it is raised by modulation 
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Selection-Electrical Filters. When a number of 
oneway channels of the type schematically shown 
m Fig- 9, each employing a different carrier frequency, 
are operated by superposition on a common line, each 
channel must ^ be connected with the line through 
selective circuits which transmit only the range of 
frequency assigned to that particular channel. Not 
only must the demodulator assigned to a given channel 
be prevented from receiving from the line the currents 
of other channels, but the sending modulator must be 
prevented from putting onto the line currents of 
frequencies outside of its assigned band for, as was 
pmnted out in the discussion of modulation, frequencies 
other than those desired are developed in the output 
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circuit of the modulator, and if these currents were 
permitted to reach the line, those whose frequencies 
fell within the transmission band of some other channel 
would be transmitted to the demodulator of that 
channel through its receiving selective circuit. The 
■ general position of the selective circuits in such a one¬ 
way multiplex system is indicated in Fig. 13. 
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Fig. 14 

As will be brought out later in the discussion of 
the behavior of lines with respect to their trans¬ 
mission efficiency at carrier frequencies and with respect 
to cross-talk between adjacent circuits on a pole line, 
the most desirable frequency range is rather limited. 
For this reason, where it is proposed to secure a maxi¬ 
mum number of channels simultaneously operating 
on a given circuit it is necessary to make the frequency 
interval between the adjacent carrier channels as small 
as possible. The first limitation to the frequency 
separation between carrier frequencies is determined 
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by the fact that, as has already been pointed out, the 
width of the side band must correspond to the voice 
frequency range; that is, even with ideal apparatus 
the carrier frequencies must have at least a separation 
of approximately 2000 cycles per second. The ideal 
selective circuit which would permit this close spacing 
of frequencies is one which would transmit effieiently' 
this side band, having a frequency range of 2000 cycles, 
and would absolutely block off frequencies outside of 
this band. Because it is not physically possible to 
secure such ideal circuits, we are obliged to make a 
greater separation in carrier frequencies than that made 
necessary by the width of the'side band. 

The nearest approach to this ideal selective circuit, 
particularly for carrier operation at moderate fre¬ 
quencies, is secured by the use of what has come to 
be known as an '^electrical filter.^^ This arrangement 
was invented and thoroughly studied by Dr. G. A. 
Campbell even before practical carrier operation was 
made possible by the perfecting of vacuum tubes and 
the development of their use as oscillators, modulators 
and demodulators. CampbelFs electrical filter is a 
network composed of inductances and capacities which 
transmits with a minimum of attenuation, currents 
whose frequencies lie in a predetermined range and 
attenuates very greatly currents whose frequencies lie 
outside that range. While these filters may take a 
variety of forms to meet special needs, they are all 
alike in that the currents traverse a succession of 
meshes or "sections,'' the attenuating effects of which 
are cumulative. The discrimination against the fre¬ 
quencies which it is desired to exclude may be in¬ 
creased to any physically practical value by increas¬ 
ing the number of sections. 

Fig. 14 shows a type of filter which has been used to 
great advantage in carrier telephony. As this filter 
transmits a band of frequencies, it has, for convenience, 
been termed a "band-pass" filter. The transnaissioa 
characteristics of this filter are also shown in Fig. 14, 
where the attenuation introduced into a circuit by the 
insertion of this filter is plotted against the frequency 
of the applied current. The attenuation is expressed 
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in miles of standard cable. For the convenience also of 
those not familiar with this usage there is shown at 
the right a scale from which may be read for any fre¬ 
quency the fractional reduction of the energy due to 
transmission through the filter. This particular filter 
is designed to transmit the upper side band of a car¬ 
rier of 9000 cycles or the lower side band of a carrier 
of 11,000 cycles. 

At this point it may be instructive to compare 
the performance of the filter just described with that 
of a pair of loosely coupled circuits resonant to a 
frequency in the transmission band of the filter. The 
attenuation characteristics of such a tuned circuit are 
shown by the dotted curve in Fig. 14. It is obvious 
from the attenuations of this circuit in the frequency 
range of the side band that such a circuit is very poorly 
adapted to the purposes of carrier telephony. 

Referring again to the band-pass filter above de¬ 
scribed, it is of interest to consider the relation between 
its attenuation characteristic and the operation of the 
system. The form of the attenuation curve within 
its transmission range is important from the stand¬ 
point of the quality of the transmission of the carrier 
channel in which the filter is used. If the attenuation 
is uniform throughout the frequency range which the 
filter is designed to pass, the effect is merely the same 
as that of increasing the length of line by a correspond¬ 
ing amount, and the loss can be compensated for by 
amplification inserted somewhere in the system. If 
the attenuation is not the same for all frequencies 
within the band, as, for example, if it is greater at 
the edges than at the center of the band, then the dif¬ 
ference in transmission equivalent for different com¬ 
ponents of the side band will introduce a similar dis¬ 
tortion into the over-all transmission frequency curve 
for various voice frequencies, as measured from the 
modulator input to the demodulator output. Such 
a distortion would manifest itself by more or less impair¬ 
ment in the quality of the telephone transmission. 

Both the magnitude of the attenuation within the 
frequency band transmitted and the variation with 
frequency are dependent upon the dissipation of 
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energy in the coils and condensers, as well as upon 
the choice of their electrical constants, so that the 
problem of securing filters of desired transmission 
characteristics has been largely one of obtaining re¬ 
actance elements of high time-constants and of high 
accuracy and stability. For the capacities mica 
condensers are largely used. For the inductances 
a special core material of finely divided iron has 
been developed which has made possible toroidal 
iron-core coils which are superior in time-constant 
to air-core coils for frequencies up to the high¬ 
est values used by us. At the same time they 
are more compact and have less stray field. 
Transformers having similar iron cores are also used 
throughout the carrier system. A description of this 
type of core material and a statement of the results 
obtained by its use in the telephone plant will form 
the subject of aii engineering paper to be published at 
an early date. 

As has been indicated above, the attenuation of the 
filter outside of its efficient transmission band, deter¬ 
mines the necessary frequency separation between the 
side bands of adjacent channels and therefore to a 
large degree also the number of channels which may 
be operated in a given frequency range. For example, 
if channel A is operating through the filter shown in 
Fig. 14, then the frequency band of channel B must be 
so chosen in the frequency range that the attenuation 
of the filter in channel A for currents of the frequencies 
of channel B is at least as great as some value fixed 
by the cross-talk requirements imposed on the system. 

The attenuation outside.of the transmission band 
is practically independent of the resistance of the coils 
and the dissipation in the condensers, but is determined 
almost wholly by the arrangement and values of the 
reactances employed in a section and by the number of 
sections. Numerous special arrangements have been 
devised for controlling the form of the attenuation curve 
and for giving to the filter an impedance best suited to 
the circuit with which it is connected. It has been 
found practicable to design filters which permit of 
operating with an interval of about 1000 cycles be- 
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tween adjacent telephone channels; that is, 3000 
cycles between adjacent carrier frequencies. 

In addition to separating the various carrier chan¬ 
nels from each other it is found convenient from an 
operating standpoint to separate within the toll offices 
the carrier frequencies as a group from the frequencies 
used for ordinary telephony and telegraphy. For this 
purpose the portion of the line which is used in common 


HIGH PASS FILTER 




Frequency - Kilocycles 

Fiq. 15 


is connected with the carrier apparatus through a 
“high-pass” filter, which transmits all frequencies 
above a predetermined value (in this case above 
about 3000 cycles), and suppresses all frequencies 
below this value (in this case below 3000 cycles). 
Similarly connection is made with the ordinary tele¬ 
phone and telegraph circuits through a “low-pass” 
filter, which in this instance passes frequencies 
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below 3000 cycles and suppresses those above. 
This combination of carrier line filters, sometimes 
called a '‘high-frequency composite set,'' is shown in 
Fig. 15, together with the attenuation curves of the 
two filters. Referring to this figure, it will be seen 
that currents in the multiplex line divide between the 
low-pass and high-pass filters shown at the top of the 
figure. The division is determined at any particular 
frequency by the relative input impedances of these 
two branches. Accordingly, the high-pass filter 
is designed to offer a high input impedance to 
currents of ordinary telephone frequency, and to 
have an impedance equal to that of the line for currents 
within the carrier frequency range. Correspondingly, 
the low-pass filter is designed to offer a high input 
impedance to currents of the carrier frequency range 
and to have an impedance equal to that of the line for 
currents of ordinary voice frequencies. The attenua¬ 
tion of the high-pass filter is small for carrier frequencies 
and large for voice frequencies, while the reverse is 
true for the low-pass filter. Referring to the attenua¬ 
tion curves, which show, as indicated, the attenuation 
for both the high-pass and the low-pass filters, it is 
interesting to note how sharp a discrimination is 
obtained even for frequencies very close to the cut-off 
points of these filters. For instance, if we select a 
frequency of 2700 which happens to fall near the upper 
limit of the normal voice range, it is seen from an in¬ 
spection of these curves that currents of this frequency 
are attenuated by about one mile of standard cable 
vhen passing through the low-pass filter, but are 
attenuated by about forty-five miles of standard 
cable when passing through the high-pass filter. 
Likewise, a frequency of 3200 near the lower limit of 
the carrier range is attenuated by less than one mile 
when passing through the high-pass filter, but is 
attenuated by about forty-five miles when passing 
through the low-pass filter. These differences in 
attenuation correspond roughly to a ratio of energies 
greater than ten thousand to one. 

The location of these line filters in a carrier system 
is indicated in Fig. 13. A low-pass filter is also used 
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in the output circuit of the demodulator to prevent 
currents of frequencies higher than the essential voice 
range from being transmitted to the subscriber. 
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Arrangements for Two-way Transmission. Thus far 
the discussion has been limited to transmission in one 
direction. Provision must be made, however, for 
associating these one-way channels with the connecting 
telephone lines so as to permit two-way conversa¬ 
tion. In many aspects the problem resembles that 
encountered in adapting a one-way amplifjdng element 
to a two-way talking circuit by means of a telephone 
repeater. The similarity of the two problems consists 
not only in the fact that the carrier channel and the 
repeater element are both unilateral or one-way ar¬ 
rangements, but also that both involve amplification, 
and therefore the same possibilities of “singing” are 
present in the case of the carrier as in the case of the 
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repeater. The experience, which was gained in the 
development and engineering of telephone repeaters, 
has Droved of very great value in connection with the 
developmentjof carrier current systems. For details 
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of the various circuit arrangements, and for a discus¬ 
sion of the fundamentals of the repeater problem, 
reference may be made to the paper on telephone 
repeaters mentioned above.^^ 

In Fig. 16 there is shown schematically an elementary 
form of two-way carrier telephone circuit. Filters 
are included in the transmitting and receiving branches, 
as they are necessary in those branches for multiplex 
operation. This circuit is entirely operative between 
two fixed telephone stations. If the same frequency 
is used for transmitting in both directions, there will 
obviously be an excess of sidetone in the receiver cir¬ 
cuits. It is plain that such a type of circuit has very 
limited commercial application, and it is shown here 
merely as a starting point for building up the more 
generally applicable types. 

As in general it is desirable to be able to connect 
any desired telephone trunk or toll line to the section 
of line equipped for operation by the carrier current 
method, it is necessary to adopt for connecting these 
lines together a circuit of the type which has been 
studied for many years by telephone engineers, first in 
connection with subscriber sets, and second in con¬ 
nection with repeater circuits. 

Fig. 17 shows schematically one such arrangement. 
At either terminal of the carrier frequency line, the 
sending and receiving branches, instead of terminating 
in a transmitter and receiver, terminate in what are, 
in effect, conjugate branches of an alternating-cur¬ 
rent bridge. If the impedance of the artificial line 
exactly simulates the impedance of the voice frequency 
line looking outward from the carrier terminal, an 
electromotive force applied between the points a and 
h does not cause any current to flow in the branch 
c-d of the carrier current circuit. This represents a 
condition of zero coupling between the input and out¬ 
put circuits of the carrier system; hence persistent 
oscillations, i.e. singing, cannot be set up. If, however, 
the balancing network does not accurately simulate 
the low-frequency line, either of two types of singing 
may occur. In the circuit arrangement in Fig. 17, if 

21. Gherardi and Jewett, loc. oit. 
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the same frequency is used for transmission in both 
directions, the type of singing most likely to occur 
would be local singing at either terminal. This oc¬ 
curs for the reason that in general the amount of energy 
applied to the two terminals c and d is largely amplified 
in the course of passing through the circuit ^modu¬ 
lator, filter 1, filter 2, demodulator and amplifier. 
If the unbalance in the bridge circuit is such that the 
fraction of this energy which is fed back to the points 
c and d is as large as that originally supplied, singing 
occurs. To avoid this type of singing different car¬ 
rier frequencies may be chosen for transmission in thetwo 
directions. If this is done, local singing cannot be set 
up, for the reason that filter 2 acts as a block to the 
return of the output current on itself. End to end 
singing as distinguished from local singing may, how- 
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ever, occur provided the over-all transmission loss of 
the line and the terminal apparatus is made less than 
zero, and provided that there is sufficient unbalance 
between the artificial lines and the low-frequency 
lines at both ends. By “transmission loss of less than 
zero” is meant that the attenuation of the carrier line 
i^ more than compensated for by amplification intro¬ 
duced either at the terminal stations or at intermediate 
repeater stations. However, the accuracy ^ of line 
balance necessary to prevent end to end singing with 
carrier circuits such as we have used is very much less 
t h a n would be required to prevent local singing if the 
same frequency were used for transmission in both 
directions. It is interesting to note that in both of 
these tj/pes of singing the sustained oscillations in 
different portions of the circuit are of different frequen- 
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cies. Those in the portions used for transmission 
voice frequency have some value lying in the voii^« 
frequency range. Those in the portions used 
transmission at carrier frequencies differ from tli^^ 
carrier frequency associated with that particular 
channel by the frequency of the oscillations in the low' 
frequency circuit. 

Whereas, with the circuit shown in Fig. 17, loea ^ 
singing is prevented by the use of different carrk*» 
frequencies in the two directions, it is possible !#* 
prevent this type of singing without resorting 1 1 ♦ 
different frequencies, with the attendant reduction ii* 
number of channels, by the use of the arrangemen t 
shown in Fig. 18. In this arrangement the energy’ 

LOW 
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from the output of the modulator is prevented froiti 
reaching the input of its associated demodulator liy 
placing the two in conjugate relation in an alternating- 
current bridge circuit, of which the carrier frequency 
line forms one arm, and a balancing network, designeil 
to simulate the line impedance, the other arm. 

Both the arrangements shown in Fig. 17 and that 
shown in Fig. 18 have been successfully employed for 
two-way carrier current transmission. 

We have already discussed quite fully the selective* 
characteristics of filters and their relation to one-way 
multiplex operation, and have, in the preceding 
paragraphs of the present section, pointed out the 
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fundamental principles of two-way operation. In 
Fig. 19 is shown schematically an arrangement for 
two-way multiplex operation capable of giving four 
two-way carrier conversations in addition to the normal 
telephone facilities. It will be noted that, in this 
multiplex system, the basic two-way transmission 
system of Fig. 18 is employed. A similar two-way 
multiplex system could be built up employing the 
basic two-way transmission system shown in Fig. 17. 

Carrier Suppression. One of the systems which 
has been developed, particularly for use on long high- 
grade circuits, involves certain fundamental principles 
in addition to those already discussed. It will be 
recalled, that as stated, the proper operation of the 
demodulator requires that the side-band ciirrents, by 



which are transmitted the characteristics of the speech, 
be accompanied by a relatively large amount of 
unmodulated current of carrier frequency. When this 
carrier current is transmitted from the modulator, 
it is evident that only a relatively small part of the 
line current is actually used in conveying the character¬ 
istic variations of the voice current. If, therefore, 
this carrier current is supplied to the demodulator 
from a local source instead of over the line from the 
sending station, the amount of line current which it 
is necessary to transmit per channel is very materially 
reduced, for then only the relatively small side bands 
are transmitted. Curve E, Fig. 11, shows the wave 
form with the carrier suppressed when both side bands 
are present; and Curve F, Fig, 11, shows the wave 
form with the carrier suppressed when only one side 
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band is present. In the application of this method, 
means must be provided for eliminating the carrier 
current at the sending end and for supplying it to the 
demodulator from a local source at the receiving end. 

Elimination of the carrier frequency at the sending 
end can be accomplished by what is known as a 
“balanced modulator,” a schematic circuit of which is 
shown in Fig. 20. In this arrangement two tubes are 
connected in a manner somewhat similar to the “push- 
pull” repeater circuit which is described later. The 
voice frequency potential is applied differentially to 
the grids of the two tubes by the transformer T i. The 
carrier potential is applied through the transformer T 2 
to the common portion of the input circuit in such 
a manner that the carrier frequency potentials of the 
two grids with respect to the filament are at any 
instant the same. The resultant carrier frequency 
currents in the plate circuits of the two tabes are then 
equal, and the fluxes which they set up in the core of 
the differential transformer T 3 are equal and opposite; 
hence no voltage of the frequency of the unmodulated 
carrier is induced in the output circuit. By a more 
detailed analysis it can be shown that the side-band 
currents resulting from the interaction of the carrier 
and speech-frequency currents are not balanced out 
but are reproduced in the output circuit. It should be 
noted that under these conditions, high-frequency 
current appears in the output circuit only when 
low-frequency telephone currents are being applied 
to the input circuit of the modulator. 

Harmonic Generator. In order to insure that 
the carrier current applied to the demodulator in the 
above system, employing suppressed carrier, is of 
exactly the same frequency as that used for modula¬ 
tion at the sending end, an arrangement has been 
devised whereby both of these frequencies are derived 
from the same source. For this purpose at one 
terminal of the system a vacuum-tube oscillator 
generates a frequency somewhat above the voice 
range—say 5000 cycles. Current of this frequency is 
applied to the input of another vacuum tube in such 
a way as to overload it. This “harmonic generator,” 
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as it has been termed, is so arranged that the current 
in its output circuit has a distorted wave-form con¬ 
taining prominent components whose frequencies are 
exact multiples of the applied frequency. The various 
harmonics of the base frequency (in this case 10,000, 
15,000, 20,000 cycles, etc.) are separated by suitably 
designed selective circuits and led into individual cir¬ 
cuits where they are amplified and made available 
for use as carrier currents, each in connection with a 
different channel. At the same time, current of the 
base frequency from the controlling oscillator, in this 
. case 5000 cycles, is amplified and transmitted over 
the line to the other terminal. Here it is separated 
out by a filter, amplified and applied to a second 
harmonic 'generator, which produces the same series 
of carrier frequencies as does the harmonic generator 
at the controlling station already referred to. These 
regenerated harmonics may not only be used for de¬ 
modulating the transmissions received from the con¬ 
trolling terminal, but may also be used in connection 
with balanced modulators which send in the reverse 
direction. The demodulators at the controlling sta¬ 
tion, are supplied with carrier current from the har¬ 
monic generator at that terminal. 

The suppressed carrier system, besides employing 
smaller line currents, has two other important advan¬ 
tages. One is the absence of audible beat notes re¬ 
sulting from interaction in the demodulating circuits 
between the carrier frequency normally present and 
others which may be present through cross-talk or lack 
of perfect balance. Where all of the carrier frequencies 
are generated separately, these combination frequencies 
may in certain cases give rise to disturbing tones within 
the voice range. With the harmonic arrangement, 
on the other hand, the only possible frequencies are 
differences of the base frequency itself and its harmonics, 
all of which are above the normal voice range, and ac¬ 
cordingly are suppressed by the low-pass filter in the 
output circuit of the demodulator. As a matter of 
fact, this harmonic arrangement is practically essential 
where the same frequency range is used for both 
directions. 
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The second advantage arises from the fact that 
variations in the attenuation of the line, due to weather 
changes or other causes, have less effect on the trans¬ 
mission equivalent of the system where the carrier 
frequency itself is not transmitted. This will be clear 
when it is recalled that the magnitude of the voice 
current in the output of the demodulator is proportional 
to the product of the amplitudes of the carrier and side 
band currents. If, therefore, the change in line at¬ 
tenuation is such as to increase or decrease the side 
band current by a given ratio, the carrier current when 
transmitted will in general also be changed in the same 
ratio, and the resulting voice current will be changed 
by the square of this ratio. In the suppressed earner 
system, on the other hand, while the sideband is 
changed as before, the carrier is increased or de¬ 
creased—not by the change in attenuation which oc 
curs at the carrier frequency but by the changes, in 
general much smaller, which occur at the base fre¬ 
quency, so that the voice current is less affected in 

this case. 

Repeaters. From the discussion of the transinission 
characteristics of lines which will be given later in the 
paper, the very great practical importance of amplify¬ 
ing apparatus at intermediate points on a line employ¬ 
ing carrier frequencies will be evident. For this pur¬ 
pose fortunately we have available, first, the vacuum 
tube, and, second, a large variety of methods of ap¬ 
plying this tube which have been developed to a high 
state of efficiency in connection with the voice 
frequency telephone repeater. While, as just indicated, 
the same general considerations apply to repeaters 
for carrier current circuits as to repeaters on circuits 
operated at voice frequencies, the conditions peculiar 
to carrier current operation require that the repeaters 
for this service differ quite considerably from standard 
voice frequency repeaters. 

In the first place, on a multiplex carrier current cir¬ 
cuit a single repeater installation must handle the 
energy associated with a number of independent con¬ 
versations. This could be accomplished by making 
the installation include a number of repeaters 
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in parallel with suitably associated filter combinations, 
but It IS at once obvious that it is much preferable to 
install but one repeater channel capable of amplifying 
all the carrier transmission. The requirements-^for 



Fig. 21 


th6 r6peatGr set are made still more severe by the fact 
that modulation in the repeater tubes, which tends to 
increase with the load, introduces disturbing factors 
in carrier operation which are not serious in ordinary 
repeater operation. The reason for this is that the 
combination frequencies resulting from the interaction 



Fig. 22 


of the currents in two channels may lie in the frequency 
range of a third, in which case they are transmitted 
through the selective circuits of that channel and ap¬ 
pear as an interfering noise or tone at the subscriber’s 
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station. To obtain sufficient energy carrying capacity, 
and to overcome to some degree this difficulty of 
intermodulation, we use a number of tubes in parallel 
in the so-called “push-pull” arrangement. The prin¬ 
ciple of the push-pull amplifier is shown in Fig. 21. 

In this arrangement the. input voltage is applied in 
such a way as to increase the grid voltage of one tube 
with respect to its filament at the same time that the 
grid voltages of the other is diminished. The plates 
are connected with the output circuit by a differential 
transformer, so that the useful amplified currents from 
the two tubes are added, while the more troublesome 
interfering components due to modulation are equal in 
amplitude and opposite in phase, and hence are bal¬ 
anced out. Instead of employing tubes in parallel to in¬ 
crease the energy capacity of the set, it would have 
been possible to have used a single tube of larger energy 
capacity. The scheme of using a number of tubes 
operating in parallel was adopted in order to avoid in¬ 
creasing the number of types of tubes in the plant. 

In repeater operation at voice frequencies, the amount 
of amplification which can be secured on a given line 
and with given types of repeater apparatus is limited 
by the tendency to ^^sing.'^ The same is true for re¬ 
peater operation at carrier frequencies. To reduce 
the tendency of the repeater to sing, the same methods 
may be adopted as are employed at the terminals; 
that is to say, if the same frequencies are used for the 
transmission in both directions, the lines on either 
side of the repeater must be balanced and the 
same general type of repeater circuit used as for voice 
frequency telephone repeaters (see Fig. 22). If, 
however, different frequencies are employed for trans¬ 
mission in the two directions, filters may be used to 
prevent the currents sent out in one direction from 
passing into the input circuit of the repeater set which 

receives energy from that direction. 

While the telephone currents at voice frequencies 
may be amplified in the same repeater along with the 
carrier currents, it has been found convenient for rea¬ 
sons of plant flexibility to separate voice frequencies 
from carrier frequencies by line filters similar to those 
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used at the terminals. Due to the fact that the attenu¬ 
ation of voice frequencies is much lower than that of 
carrier frequencies, it is frequently not necessary to 
install a voice frequency repeater at all of the points 
where carrier frequency repeaters are installed. A 
number of arrangements are illustrated in the 
sections dealing with commercial systems. 

Signaling over Carrier Telephone Circuits. For a 
carrier telephone channel to form an integral part of 
an ordinary telephone connection, it is in general de¬ 
sirable to be able to operate the normal signaling 
mechanism over the channel without the intervention 
of an operator at the terminals of the carrier section. 
This is accomplished by two distinct methods in the 
two tjrpes of system employed. In the type where 
carrier current is transmitted over the line, an auxiliary 
rectifier tube is associated with the demodulator in 
such a manner that the incoming carrier current pro¬ 
duces in the output circuit of this rectifier a direct 
current sufficient to maintain a relay in its operated 
position. When the operator signals, the ordinary 
16-cycle ringing current is received at the carrier 
terminal. This is made to operate a relay, which dis¬ 
connects the source of carrier current from the modu¬ 
lator, thereby stopping its transmission over the line. 
As a result, at the distant terminal the relay controlled 
by the rectified current falls back, causing an ordinary 
16-cycle ringing current to be sent out over the con¬ 
necting line associated with that particular channel. 

In the system where the carrier current is suppressed, 
the 16-cycle ringing current from the low-frequency 
line operates a relay which applies to the modulator, 
through the speech circuit, a current of 133 cycles 
from a vacuum-tube oscillator or other source. This 
current interacts with the carrier current in the modu¬ 
lator to produce a side band current, differing from 
the carrier by 133 cycles, which is transmitted to the 
distant terminal. Here it is demodulated and appears 
in the voice frequency circuit as a current of 133-cycle 
frequency. This current operates a relay tuned to 
this frequency, which in turn serves to send out 16- 
cycle ringing current over the low-frequency line. 
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Actual circuit arrangements showing these two 
methods of signaling are shown in the sections of this 
paper describing commercial systems. 

Telegraph. Carrier current telegraphy is based on 
the same fundamental principles as carrier current 
telephony, but in actual operation it employs some¬ 
what different physical arrangements, owing to the 
differences in the nature of the signals to be transmitted 
and to the differences between the operating conditions 
met in the two cases. 

In ordinary telegraphy the signaling current con¬ 
sists of a succession of so-called “marking pulses” 
separated by intervals of zero or oppositely directed 
current representing spaces. In transmitting tele¬ 
graph signals over a line by the carrier method, the 
signal ing current, as received from the local telegraph 
trunk or from a corinecting long-distance telegraph 
line, operates a relay which controls the application 
of carrier current to the high-frequency line. The 
usual arrangement is such that high-frequency current 
of uniform amplitude is sent out during the marking 
intervals only. At the receiving terminal this high- 
frequency current is rectified, generally after ampli¬ 
fication, by a vacuum tube. The resulting rectified 
current operates a relay, which in turn sends signals 
over the connecting telegraph circuit or loop. Fig. 
23 shows a simple, one-way carrier telegraph circuit 
with one-way direct-current telegraph loops at either 
end. 

It has sometimes been assumed that the only fre¬ 
quency transmitted under these conditions is that of the 
carrier, and that therefore the only limitation on the 
frequency intervals between the carriers of adjacent 
channels is that imposed by the degree of selectivity 
possible of attainment with actual physical apparatus. 
That this is not the case is easily seen from a considera¬ 
tion of the building up and decay of current in a sharply 
resonant circuit. If the time required for the current 
to build up in such a circuit is comparable with the 
lengths of the marking and spacing intervals, the high- 
frequency current will not accurately reproduce the 
telegraph signals. This causes a rounding off of the 
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signal, or, if it is sufficiently extreme, the signals 
disappear altogether. 

To determine Quantitatively the relation between 
the constants of the selective circuits and the speed 
and quality of the signals, it is most convenient to 
regard the^ problem as a case of modulation. As in 
telephony it was shown to be necessary to transmit a 
band of frequencies equal in width to the voice fre¬ 
quency range, similarly in carrier telegraphy it is 
necessary to transmit a band of high frequencies cor¬ 
responding to the important frequencies present in the 
direct-current telegraph signals. An analysis of the 
ideal current wave representing a succession of tele¬ 
graph signals reveals the presence of an infinite series 
of components whose frequencies extend to infinity 
and whose amplitudes decrease with increasing fre¬ 
quency. Ordinary telegraph circuits transmit only 
components of comparatively low frequency, with the 
result that the signals are rounded off. Reasonably 
good signals are secured, however, if those components 
are preserved whose frequencies are a few times the 
fundamental interruption frequency. The upper limit 
of this essential frequency band varies with different 
types of apparatus and with different grades of service 
required, but it is for any one set of conditions roughly 
proportional to the speed of signaling. For the cases 
so far met with in practise, it is oi the order of 100 or 
200 cycles. It follows, therefore, that while a modulated 
wave, whose envelope approximates ideal telegraph 
signals, would require the transmission over the line of 
a very wide band of frequencies, satisfactory operation 
requires the transmission of a band of frequencies equal 
only in width to the essential frequency range of 
ordinary telegraphy. In case of multiplex carrier 
telegraph operation, the non-essential frequency com¬ 
ponents are accordingly suppressed by the selective 
sending circuits, so as to prevent them from inter¬ 
fering with other channels. 

Referring again to Fig. 23, which shows one arrange¬ 
ment for sending and receiving, it will be seen that the 
transmission of the high-frequency current is controlled, 
by a relay whose winding is included in the low-frequency 




Fig. 23 
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line and the contacts of which short-circuit during the 
spacing intervals the output circuit of the oscillator 
which supplies energy to the line through an amplifier. 
At the receiving terminal the arrangement for de¬ 
modulation or detection requires some further ex¬ 
planation. The carrier current, after suitable amplifi¬ 
cation, is applied to the input circuit of a vacuum-tube 
detector. The grid of this tube is made just suflSciently 
negative to prevent the flow of current in the plate 
circuit, which includes the winding of a relay, when no 
high-frequency current is being received from the line 
through the amplifier. During the marking inter¬ 
vals a high-frequency alternating potential is applied 
to the grid, causing a high-frequency pulsating current 
to flow in the plate circuit and operate the relay which 
is adjusted so as to be held in the operated position 
for the duration of the signal. The contacts of this 
relay control the sending of signals over the connecting 
telegraph circuit. 

Referring to the question of multiplex operation, 
it may be mentioned that where the carrier frequency 
is of the order of several thousand cycles, the percentage 
difference in frequency between the extreme edges of 
the side band is so small, that it is not so readily pos¬ 
sible to design circuits to suppress one of the side bands, 
as can be done in the case of telephony. For this 
reason, the frequency range assigned to a carrier tele¬ 
graph channel has been twice that of the essential 
frequency range of the direct-current telegraph channel. 
As is obvious from previous consideration, the advan¬ 
tage of band filters largely disappear for narrow trans¬ 
mission bands at high frequencies, and in telegraphy 
it has been found more convenient, for the signaling 
speed so far met with, to use loosely coupled resonant 
circuits, such as are shown in Fig. 23. 

A frequent condition of two-way operation involves 
what in ordinary telegraph working is termed “full- 
duplex operation,” where the oppositely directed chan¬ 
nels are used simultaneously for independent messages. 
In ordinary telegraphy this full-duplex operation 
is secured by balanced bridge arrangements which 
involve at each terminal a close balancing of the actual 
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line by an artificial line. This close balancing at 
low frequencies is secured by rather close attention 
of a repqater operator and rather frequent readjust¬ 
ments of the artificial line constants. While it is 
possible to adapt such an arrangement to the carrier 
telegraph line, it has not been found economical 
to do so because of the ease of securing full-duplex 
operation by the use of different carrier frequencies 
for the two directions. The extension of this method 
to multiplex operation is obvious. A very convenient 



frequency arrangement for carrier telegraphy has been 
found to be that in which transmissions in one direc¬ 
tion occupy a range of frequency from 3300 to 6000 
cycles, and those in the other direction from very 
slightly above 6000 to 10,000 cycles. By proper 
terminal arrangements this will provide on a single 
pair of wires the equivalent of ten full-duplex tele¬ 
graph channels. Prom what has been said, it will appear 
that there is left still available a substantial frequency 
range which may, if desired, be used to provide 
either other telegraph channels, or, if the needs of the 
service require them, additional telephone channels. 

Frequency Assignments. Prom the statements re¬ 
garding filters and the methods of obtaining two-way 
operation, it will be evident that it is possible to select 
the frequencies for the various telephone and tele¬ 
graph channels in a variety of ways. What assign- 






1921] TELEGRAPHY AND TELEPHONY 253 

ment of frequencies to the various channels is best 
suited to a particular installation depends upon the 
^gineering and economic considerations involved. 
For example, where there is only a single pair of wires 
available and it is desired to secure over this pair 
as many carrier telephone channels as possible, it 
may be economical to go to considerable expense 
m securing suflScient uniformity in the line so 
that its impedance can be readily balanced by the 
artificial line networks, thereby making it possible to 
use the same range of frequency for securing a two- 
way telephone channel. The harmonic frequency 

arrangement already described is particularly useful 
in such a case. 

If, however, it is desired to operate carrier systems 
over^ a number of pairs ■ of wires on the same lead, 
considerations of cross-talk, which will be explained 
niore fully later in a section dealing with lines, make it 
highly desirable that different frequencies be used for 
operation in the two directions. Under this condition 
it is not necessaiy to secure the uniformity of line 
impedance which'is required when the same frequency 
is employed in both directions. Of the possible 
frequency assignments for the oppositely directed 
channels, one which has proved very convenient is 
that in which all of the channels in one direction 
employ carrier frequencies below a certain value, and 
all the channels in the opposite direction carrier fre¬ 
quencies above this value. This grouped arrangement 
simplifies the selective circuits both at the repeater 
points and at the terminals; for the separation be¬ 
tween oppositely directed currents which is accomplished 
by the balancing of the high-frequency line when the 
same frequencies are used in both directions can, with 
this grouped arrangement, be accomplished by a 
combination of high- and low-pass filters of the t 3 T)e 
shown in Pig. 15. Fig. 24 shows schematically a 
carrier telephone^ system employing filters of this sort 

both at the terminals and at an intermediate repeater 
station. 

A very workable assignment of frequencies to tele¬ 
phone and telegraph on the same pair is shown in 
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Fig. 25. The arrows at the lower part of the figure 
indicate the positions assigned in the frequency scale 
to the different types of transmission. Beginning 
at zero frequency there is assigned to the direct- 
current telegraph a narrow band. The range extending 
from 200 to 2000 cycles and represented by the hori¬ 
zontal arrow is the frequency band of ordinary tele¬ 
phony. In the interval between 3333 and 6000 cycles 
is a group of eight one-way carrier telegraph channels in¬ 
dicated by vertical arrows. In the interval between 
6000 and 10,000 are the eight oppositely directed 
channels, which with those of lower frequency may 
constitute eight full duplex telegraph circuits. The 



Frequency - Kilocycles 
Fig. 25 

frequency range above 10,000 is assigned to three two- 
way carrier telephone channels. These are each desig- 
nated'by a vertical arrow indicating the position of the 
carrier frequency and the direction of transmission, 
and a horizontal arrow indicating the position of the 
side band with respect to the carrier frequency. 

Above there are given, one above the other, the 
idealized attenuation characteristics of a pair of 
separating filters for use with this assignment of fre¬ 
quencies. The lower of the two is so designed that 
each filter transmits only those frequencies which are 
assigned to one particular purpose. Such filters would 
be used for separating into individual circuits the 
currents used for carrier telephony, carrier telegraphy, 
ordinary telephony and ordinary telegraphy and thus fa- 
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cilitating their distribution in the central offices. The 
filters shown above are used, as is illustrated in Fig. 
23, for separating in the carrier current circuits 
the currents transmitted in opposite directions. 

Lines 

General. The electrical design of carrier systems is 
determined in large part by the problems which arise in 
the transmission of the carrier currents over the line 
wires. The comparatively high frequencies used in 



Fig. 26 


carrier transmission attenuate much more rapidly 
in passing along the lines, and have a much greater 
tendency to cause interference in adjacent circuits 
than do the ordinary telephone frequencies. Both at¬ 
tenuation and interference increase rapidly with in¬ 
crease in frequency. Because of this it has been found 
most economical to make use of the frequency range 
commencing immediately above the voice range. The 
systems which have so far been put into commercial 
use employ frequencies up to about 30,000 cycles. 

Because of the high attenuation and interference, 
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carrier transmission is particularly dependent on the 
use in the circuit of repeaters placed at comparatively 
frequent intervals. To indicate the importance of 
repeaters, it is interesting to note that if the Harris- 
burg-Chicago carrier telephone system, which spans 
about 750 miles, as described below, were operated with¬ 
out repeaters, it would be necessary under the most 
favorable line conditions to apply at the sending end 
of the highest-frequency channel a power of 60 kilowatts. 
By the use of intermediate repeaters the high- 
frequency power at no point exceeds 0.1 watt. 

Some of the experimenters in this art have had the 
misconception that the mode of transmission of the 
high frequencies employed in carrier operation was 
different from that of the ordinary telephone frequen¬ 
cies, and that the carrier frequencies had some unex¬ 
plained property whereby, although guided by the 
line wires, large energy losses in the line wires were 
avoided. There is, however, no theoretical or ex¬ 
perimental basis for this idea. As a matter of fact, 
the line attenuation of carrier currents is considerably 
greater than for telephone frequencies and increases 
rapidly with frequency, due to the increased resistance 
of the line wires, and increased effective leakage be¬ 
tween the line wires at the carrier frequencies. "While 
it is, of course, proper to picture the mechanism of 
carrier transmission as one in which the energy is con¬ 
tained in the electromagnetic waves, which are guided 
by the line wires, this is no less true for the trans¬ 
mission of low frequencies. The difference between 
radio and wire transmission, whether of high or low 
frequency, is the difference between unguided and 
guided waves. 

Open Wire Characteristics at Carrier Frequencies. 
The two sizes of wire in most common use for open- 
wire telephone lines in this country are No. 12 N. B. S. 
gage (0.104 in. diameter) and No. 8 B, W. G. 
(0.165 in. diameter). These wires are strung ori pole 
lines with a normal separation of twelve inches be¬ 
tween their centers. 

The curves of Fig. 26 give the values of the attenua- 
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tion constant^^ at different frequencies for circuits 
of these sizes of wire. The attenuation follows the 
usual line formulas. That is, the ratio of the currents 
ii and 4 at two points on a transmission line separated 
by a distance I, assuming the line so terminated as to 
make reflection effects negligible, is 





in which a. is the real part of the expression 

V{R+jpL) (G+jpC) 

In this expression R and L are the effective loop 
series resistance and inductance per unit length and 
G and C are the effective conductance and capacitance 
between the wires, per unit length. 

22. Note: A convenient practical unit of attenuation which 
has gained large use in telephone engineering is that of the 
“mile of standard cable,’* in which a at 800 cycles equals 0.109, 
The attenuation at carrier frequencies is expressed in terms of 
the miles of standard cable which at 800 cycles has the same 
attenuation. 
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The formulas covering the action of transmission 
lines to alternating currents are so well understood®* 
that the discussion here will be limited to certain 
features of particular interest in connection with 
carrier systems. 



Fig. 28 


It is found that the constants L and C are practically 
the same at high as at low frequencies. R may be 
computed by the usual /'skin effect'' formulas. Its 

23. J. A. Fleming: “The Propagation of Electric Currents 
in Telephone and Telegraph. Conductors.*’ 

A. E. Kennelly: “The Application of Hyperbolic Functions 
to Electrical Engineering Problems.” 

John Mills: “Radio Commimioation, Theory and Methods, 
with an Appendix on Transmission over Wires.” 
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rapid increase in value with increase in frequency is 
shown in Fig. 27. 

The determination of G represents a more difficult 
task since no theoretical relation has been established 
between the effective conductance between the wires 
and frequency. In computing the curve shown, the 



value of G was taken from measurements of the effective 
insulation of a group of glass line insulators exposed to 
ordinary weather conditions, and assumes therefore 
that the effective leakage occurs only at the insulators. 
The conductance, for example, at 25 kilocyles, under 
normal dry weather conditions, is found to be roughly 
200 times that measured with direct current. 
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Pig. 30 


It will be noted that the curves computed with the 
values of the constants so obtained are checked very 
closely by the actual field measurements which 
are indicated on the curves by small circles. 
Since the leakage plays a large part in determining 
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the attenuation, substantial changes in attenuation 
occur for varying weather conditions. Under wet 
weather conditions the attenuation will rise materially 
higher than that shown in the above curve. 

The apparent attenuation of a circuit may be largely 
increased by the setting up of induced currents in ad¬ 
jacent wires carried on the same pole line. This is 
illustrated in the curve of Fig. 28, which is for one of 
the circuits employed in the operation of the first com¬ 
mercial carrier telephone system between Baltimore 
and Pittsburgh. The dotted curve represents excess 



attenuation originally found in the circuit due to such 
absorption. After additional transpositions had been 
cut into the circuit it finally gave the attenuation shown 
in the full line curve. The smaller attenuation 
hump shown in the curve at about 12,000 cycles 
was not eliminaited, as its effect was not considered 
sufficiently serious to justify the expense of further 
ftanspositions 

^ The impedance of a circuit as viewed at terminal and 
intermediate repeater points is important in determ- 
|uiiig the proportioning of the connecting apparatus 
ahd in determining the amount of amplification which 
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can be given, in systems depending on balance. Fig. 
29 shows the impedance characteristic of a long 
No. 8 B. W. G. circuit. The curves follow the 
usual line formulas for characteristic impedance. 
It will be noted that the impedance is practically 
a pure resistance with a value of approximately 600 



Fig. 33 


ohms. The fact that the reactance component is 
negligible makes it possible to design the selecting cir¬ 
cuits regardless of the particular line over which a 
system is to operate. 

The effect on repeater amplification of irregularities 
in impedance is covered in the section under “Line 
Balancing” below. 

Cable. Transmission over cables will be discussed 
here in connection with the unavoidable use of 
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short lengths of cable in open wire lines, for toll 
entrance in bringing the circuits into the central offices, 
at river crossings, in passing through cities, etc. Such 
lengths of cable have two effects: 

a. They introduce a considerable transmission loss 
due to the inefficiency of cable circuits at these higher 
frequencies, and 

b. They introduce a large irregularity in impedance 
characteristics which, in systems depending on balance 



for duplex operation, affects radically the amount 
of amplification which may be obtained at repeater 
points. 

Fig. 30 shows the attenuation, and Fig. 31 shows the 
impedance of a No. 13 B. & S. gage paper-insulated 
cable circuit of the ordinary telephone type. 

To reduce both the attenuation of the circuits at 
these frequencies and the impedance irregularity which 
short lengths of cable introduce, there has been 
developed a system of coil inductance loading. 
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Loading for Carrier Frequencies. The loading sys¬ 
tems which have been developed for cable are adapted 
to transmit frequencies up to about 30,000 cycles. 
The coils are spaced about lOQO feet apart, and the 
amount of inductance is chosen so as to give the cable 
circuits the same characteristic impedance as the lines 
to which they are connected. Fig. 32 shows the 
attenuation of a No. 13 gage cable so loaded. 

Fig. 33 shows the impedance of a section of line 
between Harrisburg and Pittsburg as measured at 
Harrisburg, including two lengths of cable as indicated 
in the figure. It will be noted that the impedance 
when the cables are non-loaded is very irregular. The 
rapid variations in impedance are caused by reflections 
from the intermediate length of cable at Altoona, 
whereas the general drop of the complete impedance 
curve is due to the terminal cable at Harrisburg. It 
will be noted in this case that due to the terminal cable 
the reactance of the circuit as measured from the term¬ 
inal is not negligible. The decrease in irregularity 
in impedance as the frequency increases is due to the 
fact that the attenuation increases with frequency, so 
that the cable at Altoona is electrically farther away 
at the higher frequencies. Since, however, the large 
attenuation has to be made up by larger repeater 
gains, the smaller apparent irregularity at the higher 
frequencies is of equal or greater practical importance 
than that at low frequencies. It will be noted further¬ 
more that the loading largely overcomes the effect 
of the two lengths of cable. The slight remaining 
reactance component, which occurs at the higher fre¬ 
quencies, is largely due to the office wiring at the end 
where the measurements were made; and the slight 
remaining irregularity is due to some office wiring 
at Altoona. 

Fig. 34 illustrates the effect on attenuation of the 
loading of intermediate lengths of cable. It shows 
the improvement introduced in the attenuation of a 
circuit between Wakefield, Mass., and Portland, Me., 
due to the loading of three lengths of intermediate 
cable. This section is a part of the circuit of a carrier 
telephone installation between Boston, Mass,, and 
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Bangor, Me. The importance of loading will be ap¬ 
preciated in this case by noting that at 25 kilocycles 
the received energy is increased about two hundred 
times by the loading of the cables. 

Under some conditions it has been found convenient 
to leave lengths of cable in carrier systems unloaded, 
and to install auto-transformers between the cable and 
the open-wire circuits to reduce the reflection losses 
• introduced by the cables. 

Line Balancing for Two-Way Operation. As already 
pointed out, two-way operation may be carried out 
either by the use of different frequencies in the two 
directions, or by using the same frequency for the two 
directions but using duplex balancing arrangements at 
the terminals. When different frequencies are used in 


TO RECEIVING 
a^PPARATUS 



Fig. 35 


the two directions it is sometimes convenient to em¬ 
ploy line balance to supplement the selective circuits. 

The general problem of line balancing was discussed 
in some detail in the paper on telephone repeaters 
already referred to,^^ It will be noted by referring 
again to the impedance characteristic of a long uni¬ 
form length of open wire circuit (Fig. 29) that a 
balance can be obtained by employing an artificial 
line consisting simply of a non-inductive resistance of 
about 600 ohms. Moreover, this resistance gives a 
good balance for all of the channels employed in a 
carrier system. 

For systems requiring it, balance must be obtained 
not only at intermediate repeater points but also 
at each terminal, since the terminal set is itself in¬ 
herently a repeater. Fig. 35 shows diagrammatically 

24. Gherardi-Jewett, loe. cit. 
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a tsrpical balancing arrangement in which the open- 
wire and connected apparatus on one side of the hy¬ 
brid coil is balanced by a resistance and connected 
apparatus on the opposite side. The office wiring is 
balanced by a condenser and the high-pass and low- 



Fig. 36 

pass filters in the line are balanced by similar arrange¬ 
ments in the balancing line. 

There has already been pointed out in the section 
above the manner in which irregularities due to inter¬ 
mediate lengths of cable are cared for by loading. It 
is important that lines used for carrier operation shall 
be kept as free as possible from intermediate lengths 
of cable, lengths of twisted pair, etc. It will be Boted 
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that the irregularities in impedance so introduced 
are similar to those which occur at ordinary telephone 
frequencies, and were discussed in some detail in the 
paper on telephone repeaters. 



FREQUENCY-KILOCYCLES 
Fig. 37 

Interference between Circuits — Transpositions, Any 
general use of carrier systems in the telephone plant 
requires that it be possible to operate a number of 
similar systems over the same pole line without mutual 
interference, that is, to transmit the same range of 
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carrier frequencies over a number of circuits running 
closely together on the same line, with only negligible 
interference between channels of different carrier 
systems. 

Inasmuch as the only means available for preventing 
interference between circuits where the same carrier 
frequency is employed in both directions is that of 
balance between circuits, effected by transpositions, 
it is obvious that where a number of carrier systems 
are to be operated on the same pole line, the circuits 
must be operated on the metallic and not on the ground 
return basis. Metallic circuits are also desirable for 
reducing foreign high-frequency interference, such as 
“static” and that from high-power radio stations 
employing frequencies in the carrier range. 

The transpositions existing in open-wire telephone 
circuits are generally inadequate to balance the cir¬ 
cuits suflBciently accurately for the higher frequencies 
of carrier transmission. 

Fig. 36 shows the values of interference at different 
frequencies between two pairs of wires which are adja¬ 
cent on the crossarm. Curve A shows typical values 
for circuits as measured with the ordinary telephone 
transpositions in them. Curve B indicates the great 
reduction made in the cross-talk by inserting transpo¬ 
sitions in both of two circuits extending between Toledo, 
Ohio and South Bend, Indiana, making the average 
number per circuit about six per mile. Inasmuch as 
these circuits are adjacent pairs on the line, the expo¬ 
sure between them is the maximum possible. 

In Fig. 37, Curves A and B show, in the same' 
manner, the cross-talk between two circuits with the 
ordinary transpositions and after special transpositions 
had been cut into them. Here the circuits are not 
immediately adjacent but are separated on the 
crossarm by two other pairs of wires. The two 
pairs covered by this figure extend between Harrisburg 
and Pittsburgh, and are in commercial use for 
carrier systems. 

As a result of a considerable amount of line measure¬ 
ments of the above types with different transposition 
systems, and from theoretical investigation of cross- 
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talk at these frequencies, it has been determined that 
the interference limitations are roughly as follows; 

Where carrier systems employ the same frequencies 
for transmission in the two directions, it would not be 
practicable to operate systems on all the pairs of a 
line, since the number of transpositions required would 
be prohibitively large. In fact, in a lead carrying a 
considerable number of circuits, the transpositions 
would have to be more closely spaced than are the 
poles under present standard construction. It is pos¬ 
sible, however, to reduce greatly the effect of inter- 



Fig. 38 


ference between circuits, by employing systems using 
different frequencies in the two directions, and arrang¬ 
ing so that all of the systems employ the same range 
of frequencies in each direction. This reduces, of 
course, the number of two-way channels which may 
be obtained per pair. It is not certain, however, 
that even with this arrangement of carrier systems it 
would be economical to apply carrier to all pairs 
of a pole line. 

Much has already been accomplished, however, in 
transposing a limited number of pairs on a pole line 
for carrier operation, and this constitutes the practical 
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problem in most of the present cases; for example, 
two carrier telephone systems and one carrier tele¬ 
graph system are operating over the same pole line 
in the section of the New York-Chicago line between 
Harrisburg and Pittsburgh, a distance of about 200 
miles. While the circuits involved in this case are 
not adjacent on the crossarm, the systems employ 
the same frequencies for transmission in opposite direc¬ 
tions and therefore represent a severe condition as 
regards interference. 



Fig. 39 


Noise Interference. As the frequencies used in 
carrier systems are considerably higher than the 
harmonics which are general^ present in power 
systems, these circuits are less subject to noise from 
power interference than are the ordinary telephone 
circuits. They are not free from such interference, 
however, since high frequencies may be set up in 
power systems by the charging of lightning protectors, 
- switching, etc. Since the circuits cannot in general 
be as well balanced to ground at carrier frequencies 
as at ordinary telephone frequencies, the carrier 
channels have shown a certain amount of interference 
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from atmospheric electrical effects—that is, so-called 
static. Some interference has also been experienced 
from high-power long-distance radio systems which 
are now employing frequencies within the same range. 

Ldne-’Measuring Apparatus, To put the lines in 
proper shape for carrier operation and to maintain 
them properly has necessitated the development of 
a suitable measuring technique and of portable measur¬ 
ing units, including a high-frequency oscillator, high- 
frequency impedance bridge, detector circuits, thermo¬ 
couples, etc. 



Fig. 40 


A photograph of a portable high-frequency oscillator 
designed for testing work is shown in Fig. 38. This 
involves the use of four vacuum tubes and affords 
stable outputs as high as 50 milliamperes into an 
average line impedance. Its frequency range extends 
from 100 cycles to 50 kilocycles, and it is designed to 
operate on telephone-office power-supply sources. 

Fig. 39 shows a high-frequency bridge of the differ- 
entihhtransformer type with a normal operating 
range covering that of the oscillator above mentioned, 
and capable of an accuracy throughout this range of 
one-quarter of one per cent. 
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Fig. 40 shows a high-frequency detector unit for 
use in bridge measurements. This involves the use 
of several vacuum tubes in an amplifier-detector 
circuit with an optional detecting arrangement al¬ 
lowing either: 

a. Recording on a direct-current galvanometer, or 

b. The use of a telephone receiver. 


OSCILLATOR 



Attenuation measurements have been carried out 
largely by the use of thermocouple meter circuits in 
conjunction with an oscillator of the general type 
above mentioned. This permits measuring directly the 
attenuations of lines up to about 250 miles in length. 
The current sent into the line is compared with 
the corresponding received current, with the circuit 
properly terminated.. An over-all accuracy 
of about 1 per cent is usually obtained. Currents 
as low as 0.25 milliampere may be read with this 
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method thus making it possible to measure attenu¬ 
ations involving current ratios up to 1:200, or a line 
length equivalent to approximately 50 miles of stand¬ 
ard cable. For greater lengths of line circuits involving 
the use of the sensitive detector circuit above 
mentioned, have been employed using comparison 
methods. 

Impedance measurements are made with the os¬ 
cillator, bridge and detector circuits above noted. 
A schematic circuit arrangement is shown on Fig. 41. 

Commercial Apparatus and Installations 

Under this section there is given a description of 
the apparatus which has been developed for commercial 
service and of the manner of employing it in actual 
installations in the Bell Telephone Plant. To date 
there have been developed and put into commercial 
use, three distinct types of multiplex carrier systems, 
as follows: 

1. A carrier telephone system in which the carrier 
is transmitted. 

2. A carrier telephone system in which the carrier 
is suppressed. 

3. A carrier telegraph system 

There has also been developed a two-way repeater 
set employing vacuum tubes, and suitable for use 
with any one of these three systems. 

We will consider these systems in the order noted 
above, including the repeater more specifically under 
the first system, and will then discuss the general 
considerations as to their practical uses which are 
common to all the systems. 

Carrier Telephone System Employing Transmitted 
Carrier. The apparatus which characterizes this 
type of system is indicated diagrammatically in Fig. 
42, which shows the terminal circuit arrangement of 
one two-way channel. 

This circuit can perhaps be most simply explained 
by tracing the path of currents involved in telephone 
transmission, which is shown by hea^^ lines in the 
figure. Voice frequency currents originating in the 
low-frequency line on the left pass through the low- 
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satisfactory operation of the system. The network, 
L N, on the left balances the low-frequency line and 
is similar to those used in ordinary telephone-repeater 
practise. The network, CN, on the right is of the 
type discussed above in the section on lines, and is 
illustrated in Fig. 35. It includes apparatus for 
balancing the office cabling and the line filters as 
well as the line itself. 

The currents received from the line, which in the 
case of any given channel consist of one side band 
accompanied by its carrier, pass through the carrier 
hybrid coil and are selectively passed to the appro¬ 
priate receiving circuits by means of the receiving 
band filters, one of which is shown at R F. The 
current passing through the filter RF\& then amplified 
and demodulated in the two-stage vacuum-tube unit, 
A D, and the voice frequency currents appearing 
in the output circuit are selected from the other com¬ 
ponents of demodulation by the low-pass filter, 
from which point in the circuit they pass through the 
low-frequency hybrid coil, L H, to the connecting 
voice frequency line. 

It should be pointed out that Fig. 42 indicates the 
points of connection for the transmitting and receiving 
circuits of the other two-way channels of the multiplex 
system, which are led to additional low-frequency 
lines through sets of apparatus which are exact dupli¬ 
cates of the one shown, except for the modifications 
necessitated by the use of different frequencies over 
the different channels. 

The relays and the rectifier, employed in signaling 
by the methods already discussed, are also shown in the 
figure in light lines. 

For convenience the apparatus itself is mounted 
on panels which are attached to relay racks in the 
central offices. The vacuum tubes peculiar to a 
two-way channel along with their immediately asso¬ 
ciated coils and other apparatus, are mounted on a 
panel by themselves, front and back views of which 
are shown in Figs. 43 and 44. At the top of Fig. 43 
may be seen the oscillator and modulator tubes 
mechanically protected by wire cages, the control 
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and dial of the condenser for adjusting the frequency 
of the oscillator, and similarly the potentiometers for 
controlling the supply of carrier and voice currents 
to the modulator. The jacks facilitate access to the 
various portions of the circuit for testing purposes. 



Fig. 44 


Below are shown the three vacuum tubes of the 
receiving circuit, the potentiometer for controlling 
the line current supplied to the detector input, the 
filament-current rheostat and a signal lamp with cut¬ 
out key. The remainder of the apparatus is mounted 
on the back of the panel, Fig. 44, and when installed 
is protected by metal covers. 
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An assembly of panels of the type just described, 
each associated with an individual carrier telephone 
channel, together with other apparatus about to be 
described, is shown in Fig. 45. At the left may be 
seen four of the panels, three working in this instance 
and one spare, such as were shown in Fig. 43. The 
band-filters discussed above are mounted as individual 
units, of one of which a photograph is shown in Fig. 46. 



Fie. 45 


The coils and condensers are shown secured to a 
mounting plate; and this plate is clamped to the 
vertical rack immediately adjacent to the vacuum- 
tube panel with which it is electrically associated. 
In Fig. 45 these filter-units may be seen located just 
above and below the vacuum-tube panels. In the 
two bavs to the right are mounted the apparatus 
controlling the power supply to the tubes, the appara- 







1921] TELEGRAPHY AND TELEPHONY 279 



Fig. 46 


tus used in the routine maintenance tests, and the 
hybrid coils and signaling relays. 

The repeater set, which can be used with any of the 



Fig. 47 
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carrier systems so far employed, embodies the circuits 
shown in Fig. 22. A front view of an actual set is 
shown in Fig. 47. This set includes the two-stage 
push-pull amplifiers, one for operating in each direc¬ 
tion, and the necessary filters and hybrid coils for 
associating the set with the line. The balancing 
networks are located on shelves of a nearby rack. 
Also there is furnished a testing unit which may be 
associated with a number of such repeaters, usually 
up to four. 

An illustration of an installation of this type is 
afforded by the Harrisburg-Detroit system, which is 
planned for New York-Detroit telephone service. A 
diagrammatic layout of this system is given in Fig. 
48. 

The carrier terminals are located at Detroit and 
Harrisburg, and the three carrier channels are brought 
from Harrisburg into New York as voice frequency 
circuits of the four-wire cable type. The system is 
provided with three intermediate repeaters at the 
points indicated. An additional open wire circuit 
between Harrisburg and Detroit is equipped 
with the necessary line filters at the terminals and the 
intermediate points, to make it readily available as a 
spare line-circuit. This spare line-circuit may be 
employed subsequently for a second carrier system. 
In its course from Harrisburg to Detroit the carrier 
system is superimposed upon two different voice fre¬ 
quency circuits in turn. One of these is a New York- 
Chicago circuit, which the carrier system takes between 
Harrisburg and Beaver Dam, at which point it deviates 
from the route pursued by the carrier system. The 
remaining portion follows a different voice frequency 
circuit from Beaver Dam to Detroit. This illustrates 
the possibility of transferring the carrier systems from 
one voice frequency circuit to another en route. The 
separation of the carrier channels from the regular 
voice frequency channel, at each of the intermediate 
points, enables the two sets of channels to be handled 
entirely independently of each other in their opera¬ 
tion and maintenance. For example,. at Pittsburgh a 
repeater is inserted in the voice frequency circuit as 
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well as in the earner frequency channels, while at 
Beaver Dam and Maumee the repeaters are inserted 
in the carrier channels only. The occurrence of sec¬ 
tions of intermediate cable in the system is indicated 
in the figure. The effect of the cable sections between 
Harrisburg and Pittsburgh was specifically referred to 
in the section on Lines. 

Carrier Telephone System with Suppressed Carrier, 



Fig. 49 


The second type of carrier telephone system has been 
designed to operate on the principles of carrier sup¬ 
pression and harmonic carrier generation which were 
quite fully discussed above. In comparison with the 
system just described it is rather more complex and 
there is more auxiliary terminal apparatus common 
to all the channels. Fig. 49 is a circuit diagram of 
one terminal of one two-way channel together with 
the common carrier-supply circuits. As usual, the 
transmission circuits are indicated by heavy lines, 
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while the light lines show the carrier-supply and the 
signaling. The system indicated is one designed to 
use the same carrier frequency for both directions of a 
two-way conversation. Therefore the harmonic gener¬ 
ator is shown as feeding through the same selective 
circuit and harmonic amplifier, into the modulator, M, 
and the demodulator, D M. The harmonic generator 
is supplied with the base frequency from the oscilla¬ 
tor, 0, and in addition to supplying the harmonics it 
also supplies the base frequency to the terminals of 
the base-frequency amplifier which selectively ampli- 
fies this frequency and supplies it to the line as shown. 
In the transmission circuit it will be noted that in 
addition to the balanced modulator, M, already des¬ 
cribed, a push-pull amplifier, T A, is used to increase 
the volume of side-band current transmitted. The 
high-pass filter between the modulator, M, and am¬ 
plifier, T A, prevents the latter from being overloaded 
by the voice currents in the output of the modulator. 
The balanced demodulator, DM, serves to prevent 
the transmission of the local carrier back over the line. 
The carrier-supply apparatus shown, including the 
harmonic generator, is that used at the controlling 
station. At the distant station the arrangement is 
modified to provide for amplifying the base frequency 
received from the incoming carrier line and supplying 
it to a harmonic generator which supplies the various 
frequencies through the amplifier to the modulators 
and demodulators associated with each channel. 

The apparatus for this system has been mounted 
on unit racks of self-supporting type. One such unit 
holds the sending apparatus for one channel and an¬ 
other the receiving apparatus. Illustrations of these 
are shown in Pigs. 50 and 51. Apparatus such as tubes 
and potentiometers is located with convenient acces¬ 
sibility and the space below is used for filters, condensers 
and other apparatus which requires practically no at¬ 
tention or adjustment. Similar racks are used for the 
base-frequency oscillator and harmonic generator, the 
harmonic amplifiers, the testing circuits and the aux¬ 
iliary low-frequency apparatus. 
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This type of apparatus is employed, for example, in the 
Harrisburg-Chicago system, the circuits of which are 
extended into New York as voice frequency circuits 
in order to provide New York-Chicago service. This 



Fig. 50 


system spans a somewhat greater distance than the 
Harrisburg-Detroit and includes four intermediate carrier 
repeater stations. Fig. 52 shows diagrammatically the 
layout of the whole system. For insurance of service a 
second set of line wires is arranged for carrier operation 
as illustrated. In general the plant features are the 
same as in the case of the Harrisburg-Detroit installation 
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above. Because each carrier circuit in this system 
employs the same carrier frequency for transmission 
in the two directions, greater care was taken to make 



the lines of uniform impedance and to simulate them 
with their associated balancing networks. 

In the Harrisburg-Pittsburgh section, this system 
is operated over the same pole line as is the one pre¬ 
viously described and also with a multiplex carrier 
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telegraph, later referred to. This has required a special 
transposing of the line wires between these two points. 

The appearance of the apparatus at the terminal 
offices is shown by Fig. 53, which is that located at the 
Chicago terminal. In the center of the group of panels 
is seen the test panel by means of which the routine 
maintenance tests of the apparatus and lines are made. 

A typical repeater installation at an intermediate 
office is shown in Fig. 54, which is that located at 
Cleveland. Two repeater units, one a spare unit, 
are provided; and located beside them is the testing 
unit employed for maintenance tests and switching. 

Carrier Telegraph System, The fundamental circuit 
of a carrier telegraph channel has already been 
shown in simplified form by Fig. 23. Fig. 55 
shows the circuits for associating ordinary tele¬ 
graph sending and receiving loops with one terminal 
of a duplex carrier telegraph channel. It also shows 
schematically the high-frequency side of the system 
including the selective circuits and the vacuum-tube 
apparatus. The operation of the high-frequency side 
of the system will be clear from a consideration of the 
siiuplified telegraph circuit and from what has been 
said of the operation of the very similar carrier tele¬ 
phone apparatus. It may be said, however, that the 
discrimination by tuned circuits between the sending 
and receiving channels which are of different frequencies 
is supplemented by the line-balancing arrangement 
shown, as in the telephone system first described above. 
Referring to the operation of the low-frequency side 
of the system, it will be seen that the manipulation 
of the sending operator s key controls the sending relay 
of the carrier apparatus which in turn impresses the 
signals on the carrier current. In receiving, a sensitive 
polar relay is shown, operated by the rectified current, 
which m turn transmits the signals into the local sub¬ 
scriber s loop in the form of the usual direct-current 
ii^u s^. In the actual apparatus switches are pro¬ 
vided by means of which the sending and receiving 
channels are associated with a common subscriber- 
loop for half-duplex operation. 

The apparatus for one terminal of one full-duplex 
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carrier telegiaph channel, represented in Fig. 55, is 
mounted on a self-supporting rack Fig. 56. On the 
front of the panel may be seen the vacuum tubes, 
the meters for observing the signaling currents, the 
sounders and key for monitoring, and the switches 
associated with the subscriber’s loop circuit. The 
panel at the top is hinged to afford ready access to the 
apparatus mounted on the back. In the lower com- 



Fig. 53 


partment are located the tuned circuits, the adjustable 
condensers of which are visible. Below these can be 
seen the cylindrical case which contains the sensitive 
receiving polar relay. 

Fig. 57 shows a group of carrier telegraph sets with 
an associated testing unit constituting a part of a 
complete installation located at Pittsburgh. At the 
top of the testing unit may be seen the relay and 
sounder of a regular test wire which extends along the 
route taken by the carrier system, a meter for measur¬ 
ing high-frequency line currents and the dials associated 
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with an oscillator for testing purposes. The jacks 
afford access to circuits of any of the carrier telegraph 
panels grouped with the test unit. 

The layout of the ten-channel Harrisburg-Chicago 
carrier telegraph system which includes the equipment 
of Fig. 57 is shown in Fig. 58. The circuits connecting 
the Harrisburg terminal to New York, where the most 
of the telegraph business terminates, are also shown. 
Pittsburgh, it will be noted, is not made merely a 
repeater station, as is Beaver Dam, but instead is 



Pig. 54 


equipped with two complete sets of carrier telegraph 
terminal apparatus. This is done to permit of con¬ 
nection between the through channels and local tele¬ 
graph loops and also to permit of any one channel on 
one side being used independently of the corresponding 
channel on the other side. 

Fig. 59 shows the geographic layout of the three 
installations described above extending west from Har¬ 
risburg and connecting back to the seaboard cities 
through cable circuits* There is also indicated on this 
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map the Baltimore-Pittsburgh telephone system, which 
was originally installed for giving Washington-Pitts- 
burgh service. 

General Considerations. An important aspect of 
the carrier developments described above is that they 
have placed the art upon a quantitative basis and 
enabled carrier installations to be engineered and put 
into operation in much the same way as is done for 
regular repeater telephone circuits. The transmission 
layout of the system is determined from a consideration 
of data on line characteristics and from the character¬ 
istics of the apparatus. In carrying out an installa¬ 
tion, a certain amount of preparatory work must usu¬ 
ally be done on the lines, including particularly the 
loading of intermediate sections of cable and trans¬ 
position work. In the offices, the apparatus is installed 
in much the same way as are the more usual forms of 
telephone equipment, taking certain precautions, 
however, to minimize the lengths of office wiring in¬ 
cluded in the high-frequency circuits and to avoid 
cross-talk in the wiring interconnecting the individual 
apparatus units. The battery supply currents for the 
vacuum tubes are usually furnished from the existing 
24-volt telephone batteries and 120-volt Morse bat¬ 
teries. 

The grade of service given by carrier circuits, both 
telephone and telegraph, is as a rule quite up to the 
high standards which prevail for the long-distance 
circuits of the Bell plant. Not only is it possible to 
deliver the volume of transmission necessary for 
enabling the carrier circuits to be greatly extended 
by the addition of ordinary circuits at the ends, but 
also the naturalness and intelligibility of transmission 
is preserved to a very satisfactory degree. 

The carrier telephone channels are terminated in 
the long-distance switchboards in the usual way as, 
for example, at New York and Chicago for the Harris- 
burg-Chicago system described above; and connections 
are put up by the long-distance operators, using the 
regular toll cords. In fact, to the operators such cir¬ 
cuits are indistinguishable from the regular long¬ 
distance repeatered circuits. The operator rings 
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atthe terminalsof the connecting circuits in the standard 
manner, and the signals are automatically relayed over 
the carrier telephone channel as indicated in the cir¬ 
cuit diagrams above, so that each carrier telephone 
channel is provided from end to end with its own signal¬ 
ing channel. The satisfactory working out of such 
operating features as these has been of much import¬ 
ance in completing the commercial usefulness of 
carrier telephone systems. 

As has been indicated above the carrier telegraph 
systems as well as the carrier telephone systems, are 
designed to fit as an integral unit into a comprehensive 
wire plant, the relay-circuit arrangements providing 
for automatic repetition between the carrier channels 
and the connecting circuits, whether the latter be 
subscribers’ loops or an additional section of long-dis¬ 
tance circuit. The carrier telegraph circuits are used 
in the Bell plant, as are the regular composited Morse 
circuits, to furnish leased-wire service. The require¬ 
ments for this service are particularly exacting as 
regards continuity and quality. The carrier tele¬ 
graph circuits have proved to be very satisfactory 
in meeting these demands. 

Reference was made in the first part of the paper to 
the fact that the carrier apparatus required for meet¬ 
ing the high standards of operation of a public service 
communication system is expensive. The technique 
involved in the art is so fascinating that one may readily 
lose sight of the more practical matter of costs, but to 
the engineer the economics of the situation are all- 
important, for it avails nothing if it is not possible 
to accomplish by the new method the same, or better, 
results than were obtainable with the old, at no greater 
cost. Carrier telephone systems—at least in the pres¬ 
ent state of the art—^are economical in a general public 
service communication system only for use over 
relatively long distances. Of course, whether car¬ 
rier can be justified in any given case depends upon 
factors peculiar to that case; in some instances, for 
example, it may not be physically possible to provide 
additional wires over a given toll line or cable route, 
in which case the relatively high apparatus costs may 
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be easily justified. The carrier telegraph system is 
also essentially a long-distance proposition, although 
it is sometimes possible to warrant its use for distances 
somewhat shorter than in the case of telephone systems. 

The authors wish to state that this paper is based 
largely upon the results of the engineering and re¬ 
search work of a great number of engineers on the 
staffs of Col. J. J. Garty, Vice-President of the American 
Telephone and Telegraph Company, and of Col. 
F. B. Jewett, Chief Engineer of the Western Electric 
Company. They desire particularly to acknowledge 
their obligations to Messrs. R. V. L. Hartley and Lloyd 
Espenschied, who, in addition to their very y^'lnable 
contributions to the development of the art, have 
rendered special assistance to them in the work of 
preparing this paper. 
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SOME PHASES OF RAILROAD TELEGRAPH 
AND TELEPHONE ENGINEERING 


BY STANLEY RHOADS 

Telegraph & Telephone Engineer, New York Central Lines 


Abstract of Paper 

Statement of size of N. Y. C. Lines telegraph and 
telephone iilant and variety of engineering problems 
involved. Telephones used almost exclusively for train 
dispatching, not so general for message work, but grow¬ 
ing^ Automatic telephones used. Extensive local and 
long distance lines and. SAvitchbqards. ^ Telegraph system 
reaches all stations. Pole line is basis of plant, increas¬ 
ing in strength to meet safely the loads to which sub¬ 
jected. Railroad employs wire chiefs. 

Problems include electric protection, inductive in¬ 
terference, electrolysis, transmission, traffic, necessi¬ 
tating continual experiment and investigation. Tele¬ 
graph answer-back used with selectors. Phantom tele¬ 
phone circuits used. Single ivires for railroad telegraph 
obsolete, all wires used in simultaneous* telegraphy and 
telephony. Extra high impedance telephone used for 
train dispatching. Iron wire joints welded. Battery con¬ 
sumption data; unit type switchboards designed, sup¬ 
plant dry battery for main selector ringing battery; 
chemical rectifier also used. Oscillograms of single-line 
telegraph current waves, when line insulation varies. 
Railroad long-distance lines can be loaded. 

Telephone selector current waves given. Gill local 
bell selectors used with repeat coil signaling to obtain 
low-resistance simplex. Duplex telegraph used on 
about 10,000 miles of circuit on N. Y. C. Lines. Polar 
duplex is approximate three-wire circuit. Self-balanc¬ 
ing duplex designed _ especially adaptable at un¬ 
attended repeater stations; oscillograms illustrating re¬ 
sults in better balance of duplexes. No. 5-IJ retard 
coil of standard bridging duplexes and quads is auto- 
transformer as well as retard coil; is useful as retard, 
detrimental otherwise. Polar relay armature of differ¬ 
ential duplex and quadruplex has more force than in 
bridging. Differentially connected relays are trans¬ 
formers to some degree. Inductive effects of differ¬ 
ential sets. Standard quadruplex, common side, is too 
sluggish for hand-operated sending machines. Defects 
of quadruplex discussed. Limiting practicable lengths 
stated for various kinds of wire for telegraph and 
telephone circuits. • 

T he railroad telegraph and telephone department 
entered a new era when telephone train dispatch¬ 
ing was adopted 13 years ago. In the last five 
years electrical engineers have been employed in this 
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department in increasing numbers, and the develop¬ 
ment has become more rapid. Previously the 
telegraph and telephone departments of the rail¬ 
roads were content to depend on outside in¬ 
terests for ideas, equipment, methods of operation and 
development, and as a result the development was slow. 
The staff of one railroad telegraph department, with 
engineers continuously employed, has procured con¬ 
siderable advancement in the railroad telegraph and 
telephone plant in a space of four years, perhaps as much 
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Relay Telegraph Office 

as was accomplished by all railroad telegraph and 
telephone departments in the four years previous to 
the period mentioned. This is attributed to the in¬ 
tensive application of electrical engineers to practical 
problems and obvious requirements of railroad service. 

A difficulty confronting the engineer in the investi¬ 
gation of a problem, is to learn the state of the art in 
relation to the particular problein in hand. It is 
somewhat with the idea of presenting some data on the 
state of the art, as applied to railroad telegraph and 
telephone systems, that data and results of investi- 
gsitions are given here. It is hoped that any incom¬ 
plete investigations can be continued by the engineers 
of the New York Central Lines and others; that any 
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false conclusions can be pointed out, and that the data 
here presented may suggest investigations along other 
similar lines and on related problems. 

In order to interest others than railroad engineers 
in these problems, it can be said that the railroad 
telegraph and telephone engineer, particularly of the 
larger railroads, has problems of a variety that includes 
a little of about everything confronting the plant 
and traffic engineers of the large telephone and tele¬ 
graph companies that have nation-wide service. The 
extent and distribution of the plant are the chief dif¬ 
ferences. This variety gives absorbing interest to the 
work. As the staff of the telegraph department is 
small, its engineers are obliged to handle any problem 
that arises as best they can. 

New York Central Lines Telegraph and 

Telephone Plant 

The plant under the supervision of the New York 
Central Lines Telegraph Department com¬ 
prises 6 per cent of the total Western Union 
pole line and 12 per cent of the wire, and includes 
12,000 miles of pole line with 80,000 miles of copper 
wire, of which 40,000 are used by the railroad; 76,000 
miles of iron wire, of which 25,000 are used by the 
railroad on 12,000 miles of rail line. This includes a 
New York-Chicago long-distance telephone line, shown 
in Fig. 1, which has telephone repeaters, composite equip¬ 
ment, phantom circuits, and loaded cable. Practically 
all other important points from New York and Boston, 
to St. Louis and Chicago are connected in the network 
of service. Vacuuin-tube telephone repeaters are 
installed at Albany, Syracuse, Cleveland, Toledo and 
Elkart, with one or two additional stations soon to 
be installed. These lines connect railroad tele¬ 
phone exchanges in some cases larger than required to 
serve thepublic in small cities. The total number of long 
distance calls handled is about 5000 calls per day. New 
York and Chicago have 12 position boards, and others 
are in proportion to the amount of business done. The 
New York Central Lines have about 5500 telephones 
on P. B. X. boards and 4000 direct exchange lines. 
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The number of local calls is enormous, but is not 
kept count of ordinarily. City calls are counted by 
the telephone companies in order to make the billing 
where this is on measured rates. These boards are 
operated by the railroad, but furnished and generally 
maintained by the Bell telephone companies. The 
railroad offices in large cities have numerous one- 
position sub-boards in various departments. 

The railroad telegraph service with its network of 
40,000 miles of copper and 25,000 miles of iron wire in 
its own service, reaches 3700 offices. The centers 
of operation at headquarters of the general staff 
of the railroads have large offices called general tele¬ 
graph offices. The division headquarters telegraph 
offices are called relay offices. Such an office at 
INfattoon, Ill., is shown in Big. 2. This office serves 
two telephone dispatching circuits, four telephone 
message circuits, two phantoms, four yard lines, two 
Western Union way Morse wires, four railroad single- 
line Morse wires, two of which are connected through 
repeaters, three duplex Morse wires, two of which are 
connected through repeaters. New York has a force 
of 20 telegraph operators, Indianapolis 18, Detroit 16, 

Chicago 14, Cleveland 13, and other cities in propor¬ 
tion. 

The telegraph service is more extensive than the 
telephone long-distance system, because it must reach 
every station and office on the system; whereas, the 
telephone long-distance service is limited to the of¬ 
ficers and employes who have Bell telephones that con¬ 
nect to the railroad telephone exchanges, and the way 
stations in general do not have access to the long-dis¬ 
tance lines. 

Direct through service is maintained between 
the important centers and in nearly every case between 
adjacent division terminals. For example. New York 
has a direct Cincinnati wire, also one each to Chicago, 
Detroit, Cleveland, Buffalo, Rochester, Syracuse, 
Watertown, Corning, Albany and Boston. Single 
Morse has the greater total mileage, duplex Morse 
next, but only a small amount of quadruplex is used 
because of its limitations. 
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The thirty New York Central Lines relay telegraph 
offices handle about 55,000 railroad telegraph mes¬ 
sages per day. No attempt is made to count the mes¬ 
sages handled by one way station with another, unless 
they are relayed or sent or received by the general or 
relay telegraph offices. The way-station operators 
receive and transmit Western Union commercial 
messages in addition to the railroad messages. 

Some printing telegraph service is employed between 
relay offices. At present, this is limited to New York 
to Albany and Cleveland to Toledo, The operation 
is duplex, single channel, Morkrum type in both cases. 
In the hand operation, single, duplex and quadruplex 
service is employed. 

The telephone is used almost exclusively for train 
dispatching on the New York Central Lines, consisting 
of 108 circuits, with 3020 selectors on 10,271 miles of 
railroad. It is also being extended for way-station 
message service on dispatching divisions, but is at 
present in use on 48 circuits with 1464 selectors, less 
than half the total New York Central Lines mileage. 
When business returns to normal it is ex¬ 
pected that this service will rapidly extend until 
the railroad is on a complete telephone basis. Sev¬ 
eral different types of selectors and telephones are 
in use for these dispatching and message circuits. 

Two railroad automatic telephone systems are in 
service, one at Detroit and one at New York in the 
electric division, neither of which is connected to the 
Bell telephone system. The New York installation com¬ 
prises five interconnected exchanges, with 600 stations. 
The system centers in Grand Central Terminal but has 
exchanges connected by trunks, at West 72nd St., Mott 
Haven, Harmon, and White Plains. The latter two are 
each about thirty miles from New York. An immense 
volmne of toSe is handled on this systeT^^hl 
Grand Central Terminal board handles about 2000 
local calls per day, 500 incoming trunk calls, and 700 
outgoing to and through Mott Haven. The high 
hourly load is between 3 and 4 p. m., during which 
period about 600 local calls are handled daily. 

The privately owned telephone cable plant is gradu- 
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ally extending. It now extends nearly twenty miles 
out of New York on both the Hudson and Harlem 
Divisions, and will extend eventually thirty miles on 
each. In other cities the private cable plant is grow¬ 
ing in proportion. In the New York territory loud¬ 
speaking telephones are used for train dispatching, also 
for train announcing between interlocking towers in the 
vicinity of Grand Central Terminal. “A” tower on 
the upper level of Grand Central Terminal has in use 
almost all practicable methods of wire communication, 
including. Bell and automatic telephones, telauto¬ 
graph, loud speaking telephone circuits, lamp signal 
annunciators, bell annunciators, private line telephones, 
and selector telephone train dispatching and message 
lines. Private line telephone connection is provided 
between ticket sellers at the stations in the larger 
cities and the Pullman reservation departments in the 
same cities, over which reservations are handled. The 
telephone system is specially designed for this ser¬ 
vice. Some lines are provided from the reservation 
desk to the regular telephone switchboard. Special 
boards or tables are provided for passenger train 
information at the larger terminals, connecting 
with the regular telephone switchboard, as well as 
direct to the Bell city exchange. 

The construction and maintenance of the pole lines, 
except some private line and cable, is under the super¬ 
vision of the telegraph department in accordance with 
the contract with the Western Union Telegraph Co. and 
under the specifications of the latter after approval 
by the railroad. The installation and maintenance of 
the inside telephone plant is under the supervision of 
the telegraph department and is performed under the 
railroad’s own plans and specifications. The tele¬ 
phone companies install and maintain the rented tele¬ 
phones and switchboards. The inside telegraph plant 
is installed and maintained by the railroad chiefly, 
under Western Union Telegraph Company specifica¬ 
tions under the contract between the two companies. 

The pole line is the backbone of the telegraph and 
telephone plant. Railroad pole line construction in the 
past has been very largely based on the average-strength 
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plan, which for a given load of wires provides that the 
class of poles shall be the same regardless of the extent 
of the exposure to ice and wind. No estimate is 
available to indicate how much of the average-strength 
type of line is too weak, too strong or just strong enough. 
Lines that are stronger than necessary have cost the 



Fig. 3a—Line Replaced Modern Pole Line 


railroads more than was warranted for their construc¬ 
tion, while those that are too weak will require large 
expenditures for maintenance, particularly after severe 
storms when stretches may be laid flat. Additional 
losses result from service interruption. Such inter¬ 
ruptions not only consist of the loss of wire service, 



with the consequent train delays, but may result in a 
blockade when poles fall across main tracks, as has 
happened frequently. 

In order to reduce the pole line damage and traffic 
interruptions to a minimum, railroad telegraph'^and 
telephone engineers have worked out an exact strength 
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of line with an allowable factor of safety based on 
wind and ice data for the localities in which the lines 

or are to be built for use in construction 
and reconstruction work. Wind and ice data may be 
determined readily in any locality so that railroads 
can construct lines on an exact strength of line basis 

with a proper factor of safety which should result in 
economy. 

The reconstruction of pole lines along the New York 
Central Railroad is now being handled on this basis. 
The desirable line consists of a cable and not more than 
two arms of open wires. Fig. 3a shows this type of 
line at Cleveland, Ohio, built on the factor of safety or 
exact strength design, also the old type of line which 
it replaced. 

The type of telephone and telegraph installation 
now approved for way offices includes a metal box 
unit containing electrical protection, cross connections 
and terminal blocks; metal box units with porcelain 
panels and very substantial jacks, for patching and 
testing circuits; factory made cables; caustic soda 
primary battery common to transmitter and selector 
bells; and conveniently located table apparatus.. Such 
an officeisshowninthetwoviewsofFig. 3b, in which the 
door of the metal box containing the electrical protec¬ 
tion, isopen. 

The wire testing is performed by an organization 
of railroad wire chiefs, each testing office having about 
one operating division to supervise, which is, roughly, 
one hundred and fifty miles of railroad. Many of 
these points have three “tricks,” that is, a wire chief 
is on duty at all times. Others have but two men per 
day and some have but one. Wheatstone bridge 
testing methods are used; also the voltmeter and milli- 
ammeter. The station linemen maintain both pole 
lines and station equipment on most of the New York 
Central Lines. 

Problems arising from the construction, maintenance 
and operation of the railroad telegraph and telephone 
plant include electrical protection, inductive inter¬ 
ference, electrolysis and telephone and telegraph trans¬ 
mission and traffic. Investigations and experimental 
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work are continually necessary in various phases of 

the engineering. The oscillograph of the Electrical 

Engineering School of Purdue University has been 

available for about five years in these investigations, 

the major part of which has been made on actual work¬ 
ing lines. 

Telegraph Traffic Problems 

Telegraph censors are employed on two of the New 

ork Central Lines for the purpose of reducing unneces¬ 
sary telegraphing and telephoning and reducing the 
number of words in necessary telegrams. A large 
part of the duty is educational in giving other depart¬ 
ments an idea of the proper use of the telegraph. The 
results accomplished are more than enough to justify 
the expense. One failing that has been reduced is 
t^ tendency to let messages stay in the originating 
0 ce until closing time at night, sending them to the 
telegraph office at the same time the train mail is 
s^t to the mail-room. This overloaded the telegraph 
office at a time when outlying offices were closing for 

e day and many such late messages would be held 

telephone traffic is more 
^ imcult to censor, as no record of subjects of conversation 
IS made—an unnecessary message must be caught in 
the act of transmission. Rules are in effect which 
prevent unlimited use of the long-distance telephone 

service, calls for the higher officials being given prefer¬ 
ence* 

No charge is made against any department for the 
railroad telegraphing done by it and no records are 
kept for that purpose, but a numbering scheme is 
employed to give a check on the volume of business and 
the cost of handling it. The railroads have quite 
generally adopted a numbering scheme for telegraph 
messages based upon counting one number for each 
message of three lines or less, an additional number for 
each additional three lines, and an additional number 
for each additional address if addressed to more than 
one person. Ten words are counted as a line; extra 
numbers are allowed for reports which are termed 
make ups.” Only the larger offices keep such arecord; 
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handle. Including all items of cost, operatorsJwill 
handle the business cheaper than the printer up to a 
total of about 400 numbers, including both sent and 
received, but this varies with rates paid operators, etc. 



Fig. 4— Telegraph Traffic Record, “Q” Telegraph Office 

N. Y. C. R. R., New York 


The averages of Table II indicate that nearly 35 per 
cent of railroad messages are one line or less; 35 per cent 
are one to two lines; perhaps, 15 per cent are two 
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TABLE II 



N. Y.- 

%of 1 

N. Y.- 

% of 1 


% of 


Albany 

259 

Chgo. 

245 j 

Big 4 

261 

Actual number pieces 







paper 

259 


245 


261 


1 line or less. 

88 

34.0 

93 

38.0 

68 

25.0 

1 line to 2 lines...— 

98 

38.0 

79 

32.2 

91 

35.5 

2 lines to 3 lines. 

20 

8.0 

35 

14.3 

55 

21.1 

3 lines to 6 lines...... 

45 

17.0 

31 

12.7 

38 

14.4 

Over 6 lines. 

8 * 

3.0 

7 ' 

2.8 

9 

3.5 

Extra count for excess 



* 




over 3 lines. 

66 

• * * « 

49 

■ • • * 

1 

• • w * 

Extra count for make¬ 
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ups and joints. 

42 

• « f * 

93 

i 

• « • » 

1 

« « • • 

Total numbers...... 

367 

'• • • • 

1 387 

• • « * 

1 357 

■* 

« ■ « ■ 


to three lines; 10 per cent are three to six lines and 
not more than 5 per cent are over six lines. This 
indicates that 85 per cent of the messages are less than 
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three lines and small error would result if only one num¬ 
ber were counted per message regardless of the number 
of lines. 



A mechanical device, which the railroad designed 
for assisting in prompt handling of outbound messages, 
is shown in Fig. 5. It can also be seen on the tele¬ 
graph operating table in Fig. 2. It is a gravity clip 


Z//V£ 



Fig. 6—Telegkaph Selector Answer-Back, Type A, for 

Single Morse Circuits 


message holder, from which messages can be reached 
from both sides of a quartette operating table. Each 
division of it has a designation card for some outlying 
ojB&ce. 
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Telegraph Selector and Answer-back 

The telegraph selector has been a growing factor 
in railroad telegraph traffic in recent years, until it 
is now considered an essential part of a modem relay 
office and is growing in favor for way-station use. 
It is quite generally used in conjunction with the lamp 



Fiq. 7 —Telegraph Selector Answer-Back, Type B, for 

Duplex and Quad Use 

signal concentration unit operating table for sig¬ 
naling offices. When the selector is operated by 
the distant station sending the proper code of 
impulses on the wire, it lights a lamp in the concen¬ 
tration unit. In concentration units many Morse 
wires are available to one or more positions of 
an operating table. Means of notifying the call¬ 
ing office that the selector had functioned was 
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lacking until the telegraph selector answer-back 
of Fig. 6 was produced by the railroad. The 
fundamental idea is to cause the telegraph circuit to 
open and close at a speed corresponding to rapid dots, 


Form TD. 62 o OP Im S 15 IS 5962 

TELEGRAPH SELECTOR 
CALL CARD 

To Operators at..___ 

This instructs how to call 


Office 


on wire number. 


Make dots as long as Mqrse letter L. 

Make dashes longer than Morse numeral O. 

The selector | equipped with Answer Back, 
which will buzz the 'line while bell rings 

Do not waste time making Morse call, use the 
selector. A sounder 1in circuit. 


CINCINNATI, OHIO 

CLEARING ___ ^ ..-.- 

IMPULSES 

1 -- 


BELLfimS DURING THIS IMPULSE 


Notify Wire Chief if selector fails. 
Date-_191_ 


Supt. Telegraph 


Fig. 8—Telegkaph Selectok Call Card 


/ „ 

which begin when the selector contact closes and con¬ 
tinue until some one along the line opens the circuit; 
that is, the selector answer-back is under the control 
of any station. The two coils of the answer-back 
operate alternately to produce the speed of vibration 
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desired at line contacts 1 and 2. Contacts 3 and 4 
maintain the selector circuit closed while the Morse 
relay contact is released, which occurs when 1 and 2 
open. The answer-back is also applied to duplexes as 
shown in Fig. 7 and will give a signal whether the key 
at the selector station is open or closed. The selector 
is operated in the local sounder circuit of the polar re¬ 
lay and the answer-back opens and closes the trans¬ 
mitter local sounder circuit to send the signals to the 
nglliTig station. This device on either single line or 
duplex gives operators considerable satisfaction in 
knowing they waste no time in calling, and it promotes 
efficiency of service. The card sent out to notify sta¬ 
tions of the combination and method of making it is 
shown in Fig. 8. The selector'combination is placed 
on this with a rubber stamp, because, generally, only 
two or three score are needed and individual printing 
cannot be justified. It is found that the signal is 
easier to make with the combination printed in a 
vertical column, with one group of impulses below the 
other, than with the whole combination strung out 
in one line. At smaller offices where more than one 
selector is used but no lamp signal concentration unit 
is provided, a special design of visual signal box based 

on the railroad’s design is used. 

One of the best examples of the value of the telegraph 
selector is on the New York Central Lines on a telegraph 
train report wire extending from New York to Chicago 
and known as the “GX” wire. The wire is used for re¬ 
porting the time that through passenger trains pass the 
several important points, to the recorder’s office at New 
York. This office has a keyboard with Gill selector keys 
about the same as on a telephone train dispatching cir¬ 
cuit. Theselectors are distributed from New York to Chi¬ 
cago. The circuit has six sets of telegraph repeaters, 
which gave trouble in adjustment until the Chicago 
end was equipped with a selector and answer-back. 
This gives the recording office operator instant 
check on the repeater adjustment and continuity of 
the circuit. If he calls Chicago and gets the answer¬ 
back, it is evidence that the repeaters are fairly well 
lined up and that the circuit is unbroken. 
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Railroad Simultaneous Telephony 
AND Telegraphy 

The railroad makes use of simultaneous telephony 
and telegraphy on practically all its wires, including 
station-to-station block telephone circuits, train dis¬ 
patching circuits, message telephone circuits and long¬ 
distance lines. The station-to-station block telephone 
simplex is illustrated in Fig. 9 which indicates ''single'' 
Morse on the simplex, but this type of circuit is very 
successfully duplexed and has been quadruplexed with 
good results in some cases. This block telephone cir¬ 
cuit is very seldom used in a phantom, because there is 
but one such circuit on any one pole line and this is 
looped in and out of every office, and further, being 
iron wire in nearly all cases, it would not give trans- 



Yig, 9—Station-to-Station Block Telephone Simplex 


mission up to the required standard, for the distances 
phantoms are required to cover in railroad service. 

Dispatching and message telephone circuits are 
like Fig. 10 in general, if direct-current impulse se¬ 
lectors are used. This figure indicates the added re¬ 
sistance that is necessary with the simplex coils to 
prevent the coils short-circuiting the direct-current 
impulses which operate the telephone selectors. A 
phantom composited is shown such as are made up 

from dispatchers and message circuits on one railroad di¬ 
vision. This figure without the composite equipment 
and without the condensers around the added resist¬ 
ance in the simplex coil bridges, illustrates an ordinary 
high-resistance simplex. Straight Morse is shown but 
these are often duplexed in the service of the larger rail¬ 
roads to get better service in weather that would reduce 
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the margin of a single Morse circuit to an unsatisfactory- 
degree. The dispatchers and message telephone cir¬ 
cuits on each division with few exceptions are paired into 
a phantom by proper transpositions, and composited. 
In recent high-resistance phantom installations two 
separate repeating coils are used on each circuit at 
each end, one for the telephone tap and the other for 
the telegraph. The No. 5-AA retardation coil com¬ 
bines the two separate Morse leg coils in one unit, 
likewise combines the shunt retardation coils in one 
unit, each unit having two separate and distinct 
magnetic circuits with but one cover and base. If 
alternating-current selectors, which are alternate posi¬ 
tive and negative impulse selectors, are used, a re¬ 
peating coil scheme of sending the impulses can be 
employed, in which case the same coil is used for the 
Morse and phantom connection to the physical pairs 
as indicated in Fig. 11. This gives a low-resistance 
simplex, generally 1000 ohms or more below the ordi¬ 
nary “high-resistance” simplex of Fig. 10, assuming 
150-mile lines of No. 9 A. W. G. copper wire. The 
composite ringer is used for signaling between the 
terminals on phantom circuits which are composited. 

Long-distance telephone lines are simplexed if the 
transmission losses incident to the use of composite 
apparatus are prohibitive; also if there are any inter¬ 
mediate telephones, or if there is no need of additional 
telegraph service. The railroads generally have no 
spare telegraph facilities and can use all they can get. 
The simplex can be single, duplex, or quadruplex. 
Two such circuits can be made up into a phantom 
without simplexing or compositing. This is fre¬ 
quently done in railroad service for trunk lines be¬ 
tween outlying private branch exchanges and the 
main branch exchange. In some cases repeating 
coils are inserted in the phantom drop circuit and a 
Morse circuit connected to the middle of the line side, 
thus making a four-'wire simplex telegraph circuit. This, 
in sonie cases, is done instead of compositing the phan¬ 
tom which would give two Morse circuits, in order to 
obviate composite ringers; in other cases it is to get 
more copper in the Morse circuit, for example when 
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No. 19 A. W. G. cable conductors are used, in trunks 
between offices in metropolitan districts. 

If no intermediate stations are required on a long¬ 
distance line, and the transmission volume is ample, 
the two wires of the pair are composited with which 
composite ringers are used and with Morse legs carry¬ 
ing either single or duplex telegraph. Two of these 
long-distance composited pairs can be phantomed if 
properly transposed. 



Fig. 11—Low-Resistance Simplexes with Composited 

Phantom 

Single wires for telegraph purposes only, are almost 
a thing of the past for railroad service along some 
of the large railroads. This is because of the economy 
in using all available wires for simultaneous telegraphy 
and telephony. Before the advent of telephone train 
dispatching there were very few long-distance tele¬ 
phone circuits. The New York-Chicago, New York 
Central No. 8 B. W. G. copper pair which was strung 
in 1904 was a notable exception. The division service 
on many trunk lines consisted of one iron Morse train 
wire, one iron message wire, and very rarely, an iron wire 
for station-to-station grounded telegraph block circuit. 
When a telephone dispatching copper pair was strung. 
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the old train wire and message wire were generally 
paired and made into a station-to-station block tele¬ 
phone circuit and simplexed for the way-station Morse 
message wire. The addition of a message telephone 
copper pair at a later date completed the division 
service and provided a long-distance phantom circuit 
which was generally as much needed as the way-station 
message telephone pair. This leaves many divisions 
with no single wire—nothing but pairs, simplexed 
or composited for telegraph. 

A phantom made up of one composited pair and 
one dispatching circuit was developed by the railroad for 
a special situation between Indianapolis and Cincinnati, 
which points were connected for long-distance service 
by one No. 8 B. W. G. iron composited long¬ 
distance line and one No. 9 A. W. G. copper phantom, 
the latter consisting of the dispatching and message 
circuits. The phantom gave much better trans¬ 
mission, and because calls for the same party were ^ 
first on the iron circuit and next on the copper, it' 
resulted in complaints, some officials thinking the 
''connection was poor,’^ when they were talking on 
the iron circuit. It was found that no circuit dia¬ 
gram was available for a combination of a composited 
pair and a simplexed pair for a phantom, and it was 
necessary to develop one by experiment. The result 
is shown in Fig. 12, which indicates that each side 
of the dispatching telephone line is treated as a com¬ 
posited wire; that is, there is one-half of a No. 5-A A 
retard coil in each wire. This was found necessary 
to give a quiet phantom terminal set. This type of 
mrcuit gave almost as good a phantom circuit as 
ig. 10. The two retard coils in each end of the simplex 
did not reduce the speed of Morse service, because 
but half the telegraph current went through each. 
The capacity to ground on each side of the set at the 
retard coils was made three microfarads on the simplex 
and six microfarads on the composite. The eouinment 
on the office side of the No. S-A Acoils has no effeS 
on the circuit as far as phantom noise is concerned, 
which pemits of the three microfarads on one circuit 

and six microfarads on the other. 
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Extra High Impedance Telephones 
In arranging for the simplex-composite phantom, 
it was necessary to use the iron wire circuit as a way- 
station message telephone circuit, and use the copper 
pair formerly in this way-station service, as the com¬ 
posited pair of the phantom. This would not have 
been possible but for a recent advance in telephone 
transmission which resulted from the use of extra high 
impedance telephones. The improvement in tele¬ 
phones was the result of experiments made necessary 
by the emergency use of a one-hundred-mile No. 
8 B. W. G. iron wire circuit as a dispatching circuit, 
in order to divide two dispatching districts into three 
parts for handling unusually heavy freight traffic that 
existed just previous to the entrance of the United 



Fig. 13—295-AK and 300-W Subsets Converted to Extra 
High Impedance Tedephone by use of 1500-ohm Receiver 

States into the war. No means of calling 3 ucltilGnS wsLs 
provided on this circuit, so that all stations continu¬ 
ously listened in. There were 30 of them, and the 
resultant ^listening'' losses were so great that stations 
at one end of the line could not hear those at the other 
end. This gave the clue to the cause of other trans¬ 
mission troubles, which were that at certain periods of 
the day, transmission on dispatching circuits was 
excellent and at other periods it was very poor. The 
evidence now is plain that in the evening hours, when 
the transmission was poor, many operators were listen¬ 
ing in. At other times, particularly in the morning 
hours, transmission was good because the operators 
were busy with other duties and had the receivers on 

the hooks. 

The outcome of the investigation was the use of 
1500-ohm receivers with a retard coil permanently in 
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series as shown in Fig. 13. It was found that with these 
sets, all stations on the hundred-mile iron wire circuit 
■ could listen in simultaneously without noticeable 
diminution of transmission. The results on dispatch¬ 
ing copper circuits, especially the ones with a large 
number of stations, were likewise gratifying. Some 
of these dispatching circuits have 60 to 65 stations, 
whereas the average over the country is but thirty, 
and the telephones previously in use, with 650-ohm 
receivers, were designed for a maximum of about 15 
receivers off the hook at once. The 1500-ohm re¬ 
ceiver is equally effective on the Wray-Cummings 
"booster" telephone, which also has ,a retard coil 
permanently in series with the receiver.. The Western 
Electric Company had developed an extra high im¬ 
pedance set with a repeating coil and 70-ohm receiver, 
which was about ready to put on the market and which 
was put out very shortly thereafter. This gives the 
benefit of high impedance when in the listening position 
and also insulates the telephone from the line. In this 
set the repeating coil is not disconnected from the line 
by the hook-switch but is permanently connected 
across the line. 

Welded Ieon Wiee Joints 

Another step in the improvement of iron wire for 
telephone circuits is due to oxyacetylene welding of the 
joints. This has been successfully done on the No. 8 
B. W. G. iron wires of the Hocking Valley, Zanesville 
& Western, and Cleveland, Cincinnati, Chicago and St. 
Louis Railroads. The resistance of a welded joint is 
95 per cent of that of an unspliced wire, whereas the 
usual soldered joint is 112 per cent of the unspliced 
wire. Many apparently soldered joints are really 
not soldered and are about 200 times the resistance of 
the same length of unspliced wire. The joints are 
painted with red lead after welding. The work is not 
excessive in cost and the result is a considerable re¬ 
duction in resistance and is of a permanent nature. 
A recent job of welding on the C. C. C. and St. L. Ry., 

cut the transmission equivalent of the circuit almost 
in half. 
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Composite Ringer 

The operation of a t5T)e B composite ringer was in¬ 
vestigated with the oscillograph with the results shown 
in Fig. 14. Oscillogram No. 193 is the simultaneous 
record of the outgoing signals when the home station 
operator rings. Trace No. 1 is the 16-cycle motor- 
generator ringing current from the operator’s keys. 
Trace No. 3 is the 133-cycle current as produced by 



Fig. 14 


the interrupter and delivered to the line, and is 
flowing to a station 150 miles away over a No. 9 
A. W. G. copper phantom circuit, composited. 

Oscillogram No. 192 is the record of an incoming 
signal from the distant office. Trace No. 2 is the wave 
at a point in series with the high-frequency relay and is 
the deflection calibrated at 50 milliamperes per inch, 
whereas the No. 1 and No. 3 are 167 milliamperes per 
inch as in No. 193. The waves do not resemble sine 
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waves to any noticeable extent but are distorted more 
like transformer magnetizing current. Oscillogram 
No. 170 is shown for comparison with hand generator 
ringing current and presents three separate exposures; 
the top one on a No. 8 B. W. G. iron wire way-station 
message selector telephone line, Indianapolis to Belle- 
fontaine; and the middle one is the same generator 
ringing on a similar circuit, Indianapolis to Spring- 
field, Ohio, through a No. 47-A repeating coil; and 
the lower trace is on the same line without the repeating 
coil. The calibration of the oscillograph vibrator 
elements was not alike in these three exposures. 

/ Energy Consumption 
Several tests have been made to determine the energy 
copsumption of different circuits used in railroad ser¬ 
vice, particularly those which use primary battery. 


TABLE IV 

Energy Consumption Data of Transmitters—for 24 Hours. 
Gen. Telg. Office. Indianapolis, C. O. C. & St. L. By. 


Transmitter tested 

Battery supply 

Ampere hours 

Ohi. Div, Dis, East ...._....... 

8 B. S.0.0. Cells 

1.162 

“ ‘V West.... 

S « « « 

1.499 

“ “ OM. Disp... 

4 " “ « 

0.069 

“ “ Msg. Opr.... 

4 ** “ « 

0.1365 

« Gar Dist................ 

it it U 

0.0199 

P. E. Disp. East.. 

8 « « 

1.765 

« “ “West...........;;. 

8 “ ** 

0.845 

“ “ Supt.-Car Dist........... 

8 “ « « 

0.0669 

Supt. Terjtninals._______ ....... 

5 Dry “ 

0.0265 

Wife Chief.. . .................... 

10 “ “ 

0.0522 

Short line........................ 


0.00269 



5.65 total 


in'order to eomparie costs of different types of battery. 
In general, the ampere-hour energy consumption was 
recorded by copper voltameters and in some cases by 
watt-hour meters, for periods of 24 hours, of days that 
were considered average. The number of calls on 
selector telephone circuits was registered automatically 
on Veeder counters. The records for several telephone 
dispatching circuits is given in Table III. 

The number of calls per day is interesting. It runs 
as high as 1223, which is as high as on any existing 
dispatching circuit, because it is an exceptionally 

busy line and one man could not do much more on one 
circuit. 
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The record of transmitter energy consumption is 
given in Table IV for several offices in the C. C. C. & 
St. L. general office building, Indianapolis. The above 
record gives data for the total of all transmitters in 
the general office building, and a four-volt, 25-ampere- 
hour battery was set up which has since supplied all 
these transmitters. 

The shunt field current of a motor of a dispatcher’s 
selector-circuit motor-generator was found to be 0.3 
ampere, which is eight ampere-hours per day, suf¬ 
ficient to charge the 24-ampere-hour battery on the 
transmitters. The storage battery was placed on 
continuous charge in this shunt field circuit without 
either affecting the other detrimentally. 

It is quite general practise to feed all local battery 
transmitters around a railroad general office building 
from a four-volt or six-volt storage battery of small 
capacity, placed on continuous charge from the 110- 
volt d-c. lighting circuit or other available d-c. supply. 
No cross-talk results, if sufficient copper is used in the 
busbars from the battery to the distribution point and 
if the plates of the cells are not too far apart. This 
continuous charge method requires less supervision 
than a daily charge method. 

It was noted in making the transmitter current 
tests that new transmitters of a given type use more 
current than old ones, in some cases twice as much. 
This is in conflict with the general belief that old trans¬ 
mitters are “packed” and consequently use hiore 
current. An explanation for the higher resistance 
of old transmitters is that the granules lose their many 
sharp edges and become more nearly round with fewer 
points of contact with other granules, which increases 
the resistance of the carbon as a whole with resultant 
smaller current flow. 

Table V shows the record for a selector calling-key 
battery which was provided for by a twelve-volt, six- 
ampere-hour storage battery connected in the shunt 
field of a .small motor of a dispatching-circuit motor- 
generator set. 

A test was* made on a 48-volt storage battery sup¬ 
plying a Western Electric Co. No. 10, private branch 
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exchange with 45 stations at Beech Grove Shops. The 
board is operated from 8:00 a.m. to 5:00 p.m., ex¬ 
cept Sunday, and has six trunks to the main railroad 
exchange at Indianapolis. The record showed 5.27 
ampere-hours per day. The charging rate was based 
on this at five amperes for eight hours, once per week, 
with suitable overcharge periods. 

A four-ohm sounder used 1.25 ampere-hours in a 
24-hour period on two gravity cells. The record for 
the ■ Chicago Division message operator shows 
(Table IV), 0.1365 ampere-hour in 24 hours. This 
transmitter is in almost constant use, sending and 
receiving messages for the Division Superintendent's 
office. Therefore, it can be said to fairly represent the 
average busy local battery telephone on a railroad, con- 


TABLB v 

Energy Consumption Data of Call Boxes for 24 Hours, 
Gen’l. Telegraph Ofiace, Indianapolis, C. C. C. & St. L. Ky. 


Chi. Div. 

ii €€ 

T)isn East... 

6 

Dry Cells 

0.0957 

“ West. 

7 

it 

ii 

0.1625 

U €€ 

IVTsfif ODer. *... •.. 

8 

ii 

ii 

0.101 

P. & E. 

a u 

THlast . . 

8 

ii 

ii 

0.1326 

“ West..... 

8 

ii 

ii 

0.0761 





0.567 total 


suming more energy than the average way station or 
block tower. On this record it could be predicted that 
a 300-ampere-hour set of batteries of equivalent volt¬ 
age would last 2200 days—or six years. Actually, 
they would not last quite so long, but are known to 
last three years and more in this service. At an initial 
cost for four cells of $8.94 and renewal cost of $5.72 for 
consumable elements, the cost is less than $2.00 per 
year, based on three-year life of renewals. Dry cells, 

. three per set, would last about three months and cost 
about $4.50 per year at 28 cents each. In addition to 
saving in cost, the caustic soda cells give desirable 
reliability and require less labor expense. It is stand¬ 
ard practise to connect the transmitters of all tele¬ 
phones at any station, and all the telephone selector bells 
to the same set of caustic soda battery. 
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Unit Type Power Switchboards 

The rapid and uncertain growth of dispatching 

and message telephone circuits has made it difficult 

to plan motor-generator sets for battery supply and 

keep a neat layout of power plant. The C. C. C. & 

St. L. Railway experienced this trouble and the unit 

type was adopted. This is shown in Fig. 15. Morse 

battery supply also has been installed on this plan at 

Springfield, Ohio, to fit in with the units for the selector 
lines. . 



Fig. 15-Unit Type Power Switchboards 

Teilephone Ciecitits 


FOE Selector 


The plan provides one square foot of power panel 

S? b!?h ? fuses 

relation to it machine and in close 

rtck rini through 

achme can be put on any circuit. This tvne of 

power mstallation saves space and puts the control 
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apparatus in close proximity to the motor-gen¬ 
erator. 

Dry cells have been supplanted by motor-generators 
and sodium-phosphate-aluminum-iron chemical rectifi¬ 
ers for selector telephone circuits, to a great extent. The 
motor-generators in the first installations had shunt- 
wound generators with the inherent characteristic of 
drop off in voltage with increase of load which was un- 
. desirable on selector telephone lines. The load on a 



Pig. 16 —Wiring of Chemical Rectifier for Selector 

Telephone Circuits 

dispatcher’s circuit consists of series of twenty or 
thirty short impulses, seldom more than 1500 series 
per day, which is practically no-load from a power 
standpoint. The efficiency of a machine therefore, 
is of less importance than good voltage regulation. 
The compound generator has been used in all recent 
installations on the New York Central Lines, separately 
excited if the motor power supply is direct current. 
Alternating current has been found better suited 
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for the motor supply than direct current, because of 
its better regulation. The direct-current power from 
railroad shops has poor regulation, due to the arc 
welders, etc., in the shops. 

Quick starting motors have been used in some in¬ 
stallations, and while fairly successful, are not pre¬ 
ferred to the constantly running sets, because of ex¬ 
cessive wear of the commutator, due to heavy starting 
current. Four-bearing motor generators have been„ 
found to give better results than two-bearing type. 
Ring oilers are better than wicks. 

Chemical Rectifier 

The use of the sodium-phosphate chemical rectifier is 
being extended. The first few sets were purchased but 
later installations are made up completely by the railroad 
installers. Four old type sal-ammoniac battery jars 
are used, containing a solution of commercial sodium 
phosphate, made up of one pound dissolved equally be¬ 
tween the four jars of water, in which is suspended 
a semi-circular strip of iron separated about one inch 
from an aluminum strip. Fig. 16 shows the wiring 
of such an outfit for a dispatching circuit. The con¬ 
densers and retard coils eliminate the hum of the al¬ 
ternating-current source on the telephone line. The 
stick relay normally disconnects the rectifier from the 
a-c. supply between calls on the dispatching line. 
Fig. 17 shows characteristic curves of such a set. 
The unmarked curve is the efficiency. 

''Single'' Morse Current Waves 

Perhaps the best known phenomenon to the tele¬ 
graph fraternity is the sharp snap of the relay when the 
single” Morse circuit is closed and opened at the 
home^ station, as compared with the comparatively 
sluggish impulse received in the same relay when a 
distant ■ station is sending. The comparison is evi¬ 
dent in Fig. 18 in oscillogram No. 165 which has two 
separately made exposures. Trace No. 1 was made 
at .Indianapolis on a single No. 8 B. W. G. iron way 
wire to Mattoon, Ill., 128 miles long, with forty 120- 
ohm main line sounder instruments cut in on it with 
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Indianapolis sending. Trace No. 2 is at the same 
place but with.Mattoon sending. The peak of trace 
No. 1 is the line charging current that gives the snap 



tHHh Amperes. 

Pig. 17—Characteristic Curves of Chemical Rectifier 

to the home relay but does not get to the distant 
station, due to its establishing the electrostatic flux 
of the line. The No. 163 indicates the current in a 


STANLEY RHOADS 


[Feb. 17 


334 

block simplex circuit composed of two No. 8 B. W. G. 
iron wires 140 miles long, Indianapolis to Beliefontaine, 
Ohio, with 45 Morse relays, 35-ohm, with 97 No. 47-A 
repeating coils as simplex coils. The upper trace is 
with Bellefontaine sending and the lower with Indian¬ 
apolis. The middle trace is on a No. 8 B. W. G. 

iron simplexed selector telephone line between the 
same points. 
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Fig. 18 


Telegraph Repeaters 

Some tests on telegraph repeaters were made upon 
an a^tifida,! line, shown in Fig. 19, which represented 
two 150-^ile lines with telegraph repeaters connecting 
them. The line leakage was adjustable to either of 
three conditions, viz., perfect insulation, ^ megohm 
per mile and M megohm per mile, by means of switches. 

repeaters were used. Oscillogram No. 
Ib.iJ of Jig. 14 records the current simultaneously at 
three points, with a condition of perfect insulation. 
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The line current at A is the current of the extreme 
end of one line with the station at that point sending 
the signals. The current at B is the resultant wave 
at the other end of the sending line. The line current at 
C is the resultant current wave that reached the far 
end of the second line, after being repeated by the 
station B. This record, compared with No. 165, in¬ 
dicates very close approximation to a real line, as the 
wave-shape at A is very much like the wave-shape 
in the upper trace of No. 165, which is under somewhat 
similar conditions; that is, it is the sending station on a 
line with several instruments and perfect insulation. 
The wave-shape at B is much like the wave in the lower 
trace of No. 165, and both are the received waves at 
the distant end of a line. 

In No. 162 the time lag between the sending impulse 
at A and the received impulse at C is considerable. 
The records represent about one-tenth second to 
the inch, which indicates that it takes nearly one- 
twentieth second from the closure of key at A, until 
the impulse begins at C. The impulses were made 
with an impulse machine of clockwork with a governor 
for speed adjustment, and are uniformly 6 per second. 

Oscillogram No. 161 is the record at the same points 
as No. 162, but with line leakage reducing the insu¬ 
lation to one-half megohm per mile. This value of 
insulation is as low as it is desirable to permit for 
satisfactory single Morse operation. In this record 
it is seen that the wave does not become zero at B, 
when the key opens at A, because the line battery at 
B causes leakage current to flow. The repeater ad¬ 
justment is the same in this record as in No. 162. It 
was lined up for good Morse signals in No. 162 and 
was not further adjusted. Oscillogram No. 160 is 
the record with the insulation still further reduced 
to one-quarter megohm per mile, and shows that only 
little more than half the current was cut off at B by 
opening the key at A. The tests showed that the 
signals received at C were unreliable but could be made 
readable by slight readjustment of the relay at C and 
mthout any readjustment of the repeaters at B, which 
indicates the wide margin of the repeaters. This very 
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low value of insulation is not often found on^ single 
wires even in the worst weather if the line is well 
maintained, but is more frequent on the simplexes 
with their two wires, which nearly halves the insu¬ 
lation resistance value. 

It is not practicable to assume from the above tests 
that these repeaters will not require readjustment with 
changing weather conditions. It is seldom that a set 
of repeaters is adjusted to its very best with perfect 
line insulation conditions, but it will require attention 
with change of weather sooner than if perfectly adjusted 
for good insulation conditions. Table VI gives the 
curfent readings at various points in the two artificial 
lines as actually measured, for different key^ positions 
and the three conditions of line insulation resistance. 


TABLE VI 



Current—milliamperes 

MilUammeter location 

Insulation 

perfect 

Megohm per 
mile 

Megohm per 
mile 

A linA 

60 

70 

78 

JXf iJULlw • • 

A rkT^ATl fl.ti . . - . -. 

0 

32 

52 

JTjl f V 

R linft closed*. *. . . 

60 

65 

54 

B, open at A .. 

c lino closed*. 

0 

57 

15 

55 

22 

56 

rkTfcAn A.ti 70.... 

0 

17 

28 

n linA closed.. 

57 

63 

70 

fi.ti Cl .* . * • • 

0 

30 

50 

I? line closed . 

57 

55 

50 

7? rvnAn Jl.fi D . 

0 

8 

10 

JCi ^ cw w ji—' **#••••••» 

JS, open at C . 

0 

15 

20 


Line Insulation 

Low insulation apparently is due more to broken 
and chipped -glass insulators than to smoked ones. 
A perfect insulator measured 40 megohms with a 
500-volt megger meter and a similar one measured 10 
to 15 megohms with a piece of the outer petticoat of 
about two inches width knocked off, with the same con¬ 
dition of rain in both tests. An insulator so badly 
shattered that the tie-wire was holding it together, 
measured 1 megohm in a drenching rainand when thor¬ 
oughly water-logged. A mechanically perfect insu¬ 
lator but one very badly crusted by smoke, measured 
about 40 megohms, after a hard rain, which is about the 
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same value a clean insulator shows. The crust 
deposited by smoke seems to have high resistance. 
The megger tests were made on actual lines from line 
wire to ground after cutting oif the line wire about a 
foot each side of the tie wire. It was found that the 
resistance from line to pin nearly always equalled the 
value from line to ground, when the pole and cross- 
arm were wet. It is important to keep chipped and 
broken insulators off a line on which the working margin 
demands good insulation. This is especially important 
on simplexes, because of the reduced' insulation of the 
two wires in parallel. 

Leakage prom Wire to Wire 

Few references are available relating to the effect 
of line leakage of one wire on a pole line to a paralleling 
wire on an adjacent pin. This point came up in a 
study of a proposal to string a common return wire on 
an inter-calling selector telephone circuit to take the 
place of a ground return, installed on the Indianapolis 
Belt Railroad, semi-circling the city. The telephone 
selector ground return was affected badly by the city 
street railway return current, also leakage in wet 
weather made the ground return so unreliable that some 
other plan was necessary. The third wire was proposed 
but it was known that the insulation of the two wires 
to ground was very low in wet weather and it was feared 
that the leakage to the third wire would make the sys¬ 
tem inoperative at such times. 

The experiences of telegraph and telephone men were 
obtained and the general opinion was that the leakage 
from the two line wires as a simplex to the third wire 
as a common return would be negligible. The effect 
was actually found to be less than one-third of the 
leakage current that existed with the ground return. 
Assuming that the wires of the telephone pair in wet 
weather had an insulation resistance of one megohm 
per mile each, which in parallel was megohm to 
ground, the third wire with one megohm has its 
insulation resistance in series with the 3^ megohm of 
the pair, which would make the result ''theoretically 

megohms or three times what it was between the 
pair and ground. 
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This type of inter-calling system is limited to very 
short lines of perhaps a maximum of ten miles,- due to 
the variable operating current of the simplex connection 
resulting from insulation leakage. The permissible 
length is 100 per cent greater with a return wire than 
with a ground return. Circuits 100 to 150 miles have 
not proved successful. 

The leakage from one wire of the pair to the other 
under ordinary conditions on selector telephone lines 
has no noticeable effect upon selector operation. 
The net resistance is the sum of the resistance of each, 
and the effective voltage to cause leakage current 
falls from the value of the main battery, usually 
200 to 300 volts at one end, to less than 
50 volts at the distant end, on most types of selectors, 
and the total leakage current causes very slight ad¬ 
ditional voltage drop on the circuits and no apparent 
effect on the selector operation. 

The leakage from one telegraph wire to another can 
be detected by means of a voltmeter by opening one 
wire at the distant end, inserting the voltmeter at the 
home end between the line and ground, and applying 
voltage to the paralleling wire. The value of the leak 
age is so slight that it is seldom observed in the Morse 
relays of the circuits if worked as single Morse, or 
on the polar relays if worked as a duplex. The elec¬ 
trostatic induction from paralleling wires, apparently, 
is noticed more than the leakage. 

It has been stated that, in the past, the insulation of 
railroad circuits was too variable and low to permit 
of successful loading of open wire lines. Judging from 
recent tests of insulation, it is now believed to be 
feasible to load the railroad long-distance lines, which 
are limited to through service. It would, probably, 
not be successful on phantoms made up of selector 
telephone lines. 

Single Morse 

Both theory and practise indicate that 30 to 35- 
ohm relays or main line sounders are more desirable 
than 100 to 150-ohm, for iron wire way-station tele¬ 
graph circuits, whether single wire or simplex. The 
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actual result has been demonstrated a number of 
times on the New York Central Lines by changing 
all the instruments from 100 or 150 ohms to 30 and 
35 ohms with marked improvement in the service. 

The operating current of telegraph relays, for 
satisfactory service on railroad way wires, should be 
something close to the following: 

30 to 35-ohm relays or main line sounders, 65 
milliamperes, closed circuit, to 40 milliamperes on 
open circuit. The difference between these values 
gives a margin of 25 milliamperes. 

100 to 150-ohm relays or main line sounders, 40 
milliamperes closed circuit, to 25 milliamperes on 
open circuit. This is a margin of 15 milliamperes. 

Formulas for calculating telegraph line current 
values for the conditions of closed circuit and distant 
key open, are as follows: 

1. For the condition of keys closed: 



2. For the condition of distant key open: 

E 

I = 


R + 




g 


coth L ^/r g 


E is voltage at one terminal, R is terminal resistance 
of one terminal, r. is average line resistance including 
relays, g is the leakage conductance, mhos per mile, and 
L is the length of line in miles. 

Table VII gives the results of calculations made for 
the purpose of comparing the current values of single 
wires and simplexes with 150-ohm relays and 35-ohm 
relays; with 500,000 and 250,000-ohm line insulation 
resistance per mile, on No. 8 B. W. G. iron wire. 

The two No. 8 B. W. G. iron wires in parallel, in a 
simplex, have the resistance of the No. 47-A repeating 
coils added. There are two coils at each intermediate 
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station and one at each end. The intermediate station 
coils add 21 ohms per station, and the terminals 10.5 
ohms, making the average resistance of the circuit 


TABLE VII 

Computed current values, telegraph line 150 miles long with 30 relays 
comparison of single wire and simplex for three conditions of insulation. 


Compu¬ 

tation 

Number 

Kesis- 
tance of 
relays 
ohms 

Eesis- 
tance of 
insula¬ 
tion 
ohms 
per mile, 
per wire 

Current—milliamperes 

Line 

closed 

(a) 

! 

Line 

open 

distant 

end 

(b) 

Margin 
i. e. 
differ¬ 
ence 

between 
(a) & (b) 

Margin 
required 
for satis¬ 
factory 
opera¬ 
tion 

Dry 

weather 

current 

perfect 

insula¬ 

tion 

i 


Single No. 8 B. W. G. iron, 12.4 ohms per mile. 


1 

150 

500,000 

52.3 

28.9 

23.4 

15 

46. 

2 

35 

500,000 

96.5 

35.2 

61.3 

25 

91.2 

3 

150 

250,000 

58.3 

43.3 

15.0 

15 

46. 

4 

35 

250,000 

101.5 

57.1 

44.4 

25 

91.2 

# ^ 


Simplex, No. 8 B.W.G-. iron, 10.4 ohms per mile,including simplex coils 


5 

150 

500,000 

60.2 

44.1 

16.1 

15 

48.1 

6 

35 

500,000 

108.1 

58.2 

39.9 

25 

100. 

7 

150 

250,000 

70.6 

62.3 

8.3 

15 

‘48.1 

8 

35 

250,000 

110 

86 

24. 

25 

100. 


10.4 ohms per mile, which is not a great reduction 
below the value of a single No. 8 B. W. G. iron wire. 
The simplex has double the leakage current of a single 



20—Signaling Set foe Selector Telephone Circuits 

WITH 3-5L Coils 


wire, assuming the same insulation resistance values 
for both wires. On these simplexes better insula- 




342 STANLEY RHOADS [Feb. 17 

tion is desirable than can be permitted on single wires. 
Comparison of computations Nos. 4 and 6 of the table 
shows that the margin of a simplex with 500,000-ohm 
insulation resistance per mile is about the same as'a 
single wire with half that insulation resistance. 

The table shows that the 35-ohm relays have better 
margin than 150-ohm relays under the same conditions 
of insulation. Comparison of computations Nos. 3 and 
4 shows, that the margin is at the limiting value with 



Fig. 21 


j 

150-ohm relays and 250,000-ohm insulation, whereas 
the 35-.ohm relay margin at 44.4 milliamperes is 
still satisfactory. Comparison of computations 
Nos. 7 and 8 shows similar results on a simplex circuit. 

It is found in practise that an entire circuit seldom 
has a uniform value of insulation resistance in wet 
weather, because of the variable rainfall rate. It is 
generally clearing at one end of a division when raining 
hardest at the other end. 
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Telephone Selector Current and Voltage Waves 

In Fig. 20 retard coils and condenser are indicated 
in a telephone selector signaling circuit, which are for 
the purpose of modifying the voltage wave that is 
impressed on the line so that it will not give listeners on 
the telephones a disagreeable sound shock. Some 
investigations were made on an artificial line of Fig. 
22 through the signaling equipment of Fig. 20 with 
the result shown in oscillogram No. 5. The os¬ 
cillogram No. 6 of Fig. 21 shows the voltage on the 
battery side of the coils as trace No. 3 and the simul¬ 
taneous result on the line side as trace No. 1. The 
line current is trace No. 2. This shows that the line 
voltage and current are practically in phase. Con¬ 
siderable delay in the progress of the wave on the line 
is indicated both at the make and break "of the cir¬ 
cuit. The condensers in the middle of the retard coils 
act as a storage battery and assist to prevent the sudden 
collapse of line voltage when the relay opens. They 
also cause high initial counter e. m. f. in the coil 
between them and the battery when the relay closes, 
thus rounding off and delaying the growth of the line 
wave. The resultant current wave on an actual line is 
shown in No. 101. This was taken on a 110-mile 
dispatching No. 9 A. W. G. copper wire circuit, 
Indianapolis to Cincinnati, equipped with 32 Sandwich 
type 4-G selectors, with a main battery of 220 volts. 
In No. 101, the capacity of the telephone condensers 
added to that of the line causes a decided oscillatory 
action at the end of impulses. This is aided by the 
capacity and retardation in the wave modifying set. 

The cause of the vicious sound in the receiver 
which occurs due to a swinging short circuit on the 
line while selector impulses are being sent, is shown 
in oscillogram No. 15. The upper trace is the 
telephone condenser wave and the lower is the 
line current. The short circuit is removed at about 
the middle of the wave with sudden increase in line 
voltage with resultant rapid charging of the condenser 
in the telephone receiver circuit which causes the 
disagreeable sound shock. 
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The condenser signal sending set of Fig. 23 was 
recorded in No. 50 and No. 51 of Fig. 24 sending 
impulses into this artificial selector line, first with 125 
volts main charging battery and then with 325 volts. 
This type of sending circuit is in use to a limited extent 



Pig. 22 Artificial Selector Telephone Circuit 


on some railroads. The brevity of the line current 
wave is the outstanding feature of these two records. 

The above mentioned Sandwich selectors on the 
Indianapolis-Cincinnati dispatcher's telephone line 
were replaced by 32 Western Electric Co. alternating- 
current selectors,^ type 60-A, with wiring as shown in 
Fig. 11; and oscillogram No. 380 shows the current in 



PlO, 23--CONDENSER TyPE SIGNALING Set FOR SELECTOR 

Telephone Circuits 

the battery side of the repeating coils as trace No 1 
and in the line as trace No. 2. This circuit has the 

condensers removed from the selectors and lumped in the 
batterysideoftherepeatingcoil. Theimpulses as regis- 
ter^inthelinea,t the sending station on the Indianapo- 
hs-Kankakee dispatching telephone circuit, a 140-mile 
No. 9 A. W. G. copper circuit of 35 No. 60-A alternating- 
current selectors, is shown in No. 590, in which trace 
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is the line current. These selectors are operated with 
a condenser in series with each selector and with 
the TTiain battery applied directly to the, line. It 
will be noted that the first impulse, which is the closure 
of the No. 122-E W relay, is but half the amplitude 
of the following impulses. Oscillogram No. 591 is 
the Kankakee circuit line current with the repeating coil 
signaling set of the Cincinnati circuit sending impulses. 
The resulting impulses are only half the amplitude of the 



Fig. 24 


impulses of the regular signaling set, shown in No. 590. 
This method is now being experimented with. It is the 
more desirable plan because with condensers in the bridg¬ 
ing selectors the wire chief can make accurate Varley 
loop Wheatstone bridge measurements for trouble. 
If the direct battery ringing set of the Kankakee line 
is put on the Cincinnati circuit which has the con¬ 
densers removed from the selectors, the result is as 
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shown in No. 388-C, trace No. 1, which is the line 
current. 

Oscillograms No. 319 and No. 314 of Fig. 21 show 
the comparative impedance of a No. 47-A repeating 
coil and a D-12984 coil, which is used for the signal 
sending repeating coil for alternating-current selectors 
and also as a simplex coil for the “distant” end of 
such circuits. Trace No. 1 of No. 314 is the current 
in the No. 47-A coil at the Indianapolis end of an 
Indianapolis-Bellefontaine No. 9 A. W. G. copper al¬ 
ternating-current selector line 140 miles long, equipped 
with 45 a-c. selectors not operated through a repeating 
coil at the sending end, but with the battery applied 

direct to line at Bellefontaine. 

Trace No. 2 is the current through the selector 
which had two microfarads capacity in series with it. 
Trace No. 3 is in the phantom telephone branch on 
this circuit. In No. 319, trace No. 1 is the current 
through a D-12984 coil. The lobes of this wave on 
the short impulses are much smaller than on No. 314, 
indicating much less effect on the line current, while 
the continuous impulse is somewhat the same shape 
in both. 

No. 610 shows the current through the D-12984 
coil at Indianapolis after the condensers from the 
selectors had been lumped in a repeating coil type of 
signal sending set of Fig. 11, at Bellefontaine. 

Gill Selectors as A-C. with Low Resistance 

Simplex 

The repeating coil method of operation is applicable 
to types of impulse selectors which do not require 
main line battery for ringing the selector bells. The 
Gill local battery selector, of which a great many are in 
use, is in this class and is successfully operated through 
the D-12984 repeating coil, as shown in Fig. 25. The 
circuit on which this v/as first used is the Albany- 
Little Falls dispatching telephone line, which was the 
first telephone train dispatching circuit in this country; 
the first one to have selectors, which were the Gill 
telegraph type, used on a third wire; the first to^ have 
selectors on the same wires as the dispatching circuit. 
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which was the series Gill type with selectors in the 
line at one station in one wire and in the other wire 
at the next station, alternating first in one wire and 
then in the other, and operated by simplex current. 
These series selectors were later replaced by the first 
“bridging” Gill selectors which are still there and are 
now converted to “alternating-current” operation, so- 
called, and are the first circuit of Gill selectors to be so 
operated. 

The No. 26 relay replaces the ordinary single-contact 
telegraph relays formerly used; the condensers and 
repeating coils were installed and new No. 8-B com¬ 
bination wheels were made for the dispatcher’s calling 
keys, and designed so that one impulse is sent when 
the key contact makes and another when it breaks; 



otherwise, no change was made in the circuit. The 
added resistance in series with the selectors was not 
altered and the current distribution seems to be satis¬ 
factory. The circuit is No. 9 A. W. G. copper, 80 
miles long with 33 selectors. About one microfarad 
per selector is enough capacity in the repeating coil 
circuit to operate the selectors properly. Slightly 
less main battery is required than before the change 
was made. The repeating coils reduced the simplex 
resistance lOOO ohms. It is believed that the method 
will be found successful on almost any selector circuit 
now equipped with this t 5 rpe of selector. 

The No. 48-A retard coils and condenser were nec¬ 
essary to reduce the generator hum which was heard 
on the line without them, due to the generator being 
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continuously connected through the back contact of 
the No. 26 relay, to the condenser and repeat coil. If 
a key is designed with a third contact, a relay can be 
inserted, as is used with the Western Electric Co. No. 
60-A apparatus case to cut off the battery between 
operations of the calling keys. A few of the old Gill 
keys were slightly too fast in speed for the new com¬ 
bination wheels and had to be slowed down, but in 
future, the combination wheels can be cut to take 
care of this. 

The advantages of repeat coil operation are that 
grounded sources of power, such as lighting circuit 
can be used for main battery; that more than one 
circuit can be connected to the same generator or 
power supply; and much lower resistance simplex 
telegraph circuits result. 

Polar Duplex and Quadruplex Operation 

The standard polar duplex of the Western Union 
Telegraph Co. is in use bn the N. Y. C. Lines, on a 
total of 36 circuits and bn 9903 miles of circuit. The 
preferred type is convertible from bridging to dif¬ 
ferential. The differential is used on composited 
wires in which the retardation of the Morse leg is 
sufficient to round off the outgoing wave, and prevent 
induction trouble. The bridging set is used on sim- 
plexes and single wires. 

The standard quadruplex is used to a limited extent. 
As with the duplex, the preferred type is convertible 
from bridging to differential, and the differential 
should be limited to use on composited' wires. 

The action of bridging duplexes and quadruplexes as 
installed in accordance with the Western Union Tele¬ 
graph Company’s specifications, has been studied to 
learn their characteristics and better their performance 
and speed of service, so that such circuits in railroad 
service can be relied upon to give full output 
as “double” duplexes and “four-cornered” quad¬ 
ruplexes. 

A polar duplex or quadruplex is approximately a 
three-wire circuit, usually consisting of an actual line 
and two artificial lines. Actual linesmaybe substituted 
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for artificial lines as indicated at station B of Fig. 26. 
Fig. 27 indicates the three wires of a duplex using 
actual lines in place of artificial lines to balance both 
No. 1 polar relays. As indicated in Fig. 27 actual 
or dummy duplex sets are needed at both points desig¬ 
nated as No. 2 P. R. With these dummy sets, arti¬ 
ficial lines are needed to enable the distant station to 
get the best balance practicable. Carrying the idea 
further, it would be possible to use actual lines in place 
of these artificial lines, also placing dummy sets at the 
distant ends. In turn, these dummy sets would re¬ 
quire balancing lines. Thus, theoretically, the num¬ 
ber of balancing lines could be multiplied infinitely. 
In practise, the balance is found to.be practicable 
with but two balancing lines, and no dummy balancing 
sets are ordinarily used with artificial line boxes. 
Hence, the term “approximate” three-wire circuit 
seems to be a correct designation for a duplex or quad- 
ruplex. The artificial line can never exactly balance 
the real line because there is always one more wire 
between “home” battery and distant ground in the line 
side than in the artificial line side, as is readily seen 
in Fig. 27. 

Self-Balancing Duplex 
Based upon the idea of a duplex being a three- 
wire circuit, successful use has been made of a 
real line instead of the usual artificial line resistance 
box and condensers which are standard equipment in 
duplex sets. This “real” balancing line balances the 
regular line almost perfectly under changing weather 
conditions, needs no additional balancing at such times 
and hence can be designated “self-balancing.” It 
also balances for inductive disturbances to which both 
line and balancing line are exposed and for line ir¬ 
regularities such as short lengths of cable. This 
assumes that the duplex line and its balancing lines 
are alike in characteristics; are on the same pole line; 
have the same length; kind of wire, and, in fact, are 
twins. The two sides of a composite are very good for 
this type of set-up, but the plan is also applicable to any 
two similar circuits, such as straight wires or simplexes 
provided they are reasonably alike in kind. 
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One difficulty experienced in lining up a duplex is 
to get an adjustment of resistance and capacity in the 
artificial line which will so nearly balance the actual 
line that no kick will be felt in the home polar relay 
when the home pole changer is operating. It is al¬ 
most impossible to get such a balance, and furthermore, 
the balance must be changed for changing weather 
conditions. It is, therefore, unsatisfactory to work a 
duplex circuit having a repeater station on it that 
does not have an attendant the full period of the day 
in which the circuit is expected to give service. 

This plan of self-balancing duplex is especially 
valuable for circuits that are unattended at repeater 
stations for a. part of the day and on Sunday. It has 
been the custom in some instances to cut the repeater 
out during the hours the station is unattended, but 
this makes a long and unsatisfactory circuit. 

The plan may be considered an extravagant use of 
wire, because it uses two \vires for one duplex, but it is 
only suggested as an expedient for use where some 
circuits are idle after business hours, as many duplexes 
are at night and on Sunday, at which time they can be 
put to productive use for balancing a wire that must 
give twenty-four hour service. 

Some oscillograms have been taken that illustrate 
the effect of lack of good capacity balance in the 
artificial line, and the perfection of the balance 
with a real line instead of an artificial line. It 
should be kept in mind that in the latter the balance 
is continuous and unchanging, whereas the artificial 
line needs attention intermittently. 

In oscillogram No. 469 of Fig. 18 the outgoing line 
wave of a bridging quadruplex set on a 140-mile, No. 

8 B. W. G. iron wire, high-resistance simplex, is trace 
No. 1 while the home key is operating. Trace No. 2 
is the artificial line under the best balance that the 
attendant was able to get with the milliammeter as a 
guide. Trace No. 3 is the wave in the polar relav and 
shows plainly that the home pole-cha^r 
considerably, evidenced by the kicks in trace No. 3 
which occurred on the reversal of the line wave. 
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Oscillogram No. 470 is the same set on the same cir¬ 
cuit with no dilference except that all the capacity was 
removed, which greatly amplified the kick in the polar 
relay, trace No. 3, as would be expected. Oscillo¬ 
gram No. 640 is the same circuit with duplex sets. 
Oscillogram No. 588 shows the results with the self¬ 
balancing duplex on a 140-mile, No. 9 A. W. G. cop¬ 
per wire low-resistance t 3 npe phantom, composited, 
in which it is readily apparent that the kick in the polar 
relay is very slight and a great improvement over the 
best balance that could be obtained on the artificial 
line. The slight waves in the polar relay wave be¬ 
tween reversals of line current are probably reflected 
waves. 

In Fig. 26, which indicates self-balancing duplexes 
applied at an unattended repeater station, the arti¬ 
ficial line is cut off at switches No. 11 and No. 12, where 
the real lines to be used as balancing lines are cut in, 
which requires a special connection in existing du¬ 
plex sets. Terminal stations are shown with duplex 
sets connected to these balancing wires, with no change 
except to cut off the battery at the seven-point switch 
and put on ground contact, which is regularly provided 
for in the seven-point switch. If lines No. 2 and No. 4 
are regularly duplexed, their duplex sets are simply 
grounded at the seven-point switch. The resistance 
and capacity in artificial lines No. 8 and No. 10 can 
roughly approximate the values required in the arti¬ 
ficial lines No. 7 and No. 9. This does not need to be 
exact, although it is about as easy to make it so as to 
have it inexact. 

This set-up can be quickly arranged and, it is be¬ 
lieved, is worth the trouble where circuits are idle, 
although the station may be attended, because it gives 
better service and needs no attention. It is quite 
often the case that the night and Sunday repeater 
attendants are the less experienced men of the force, 
and service will be better if they do not have to attempt 
adjustments of the duplex apparatus or repeaters. 
The plan is equally applicable and advantageous for 
differential and bridging duplexes. 
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No. 5-U Retardation Coil in Bridging Duplex 

AND QuADRUPLEX IS ALSO AUTO-TRANSFORMER 

The action of the No. 5-U coil of bridging duplexes 
and quadruplexes was an object of curiosity, the 
work performed by the coil being difficult to determine 
with certainty, and a large number of oscillograms was 
taken to reach conclusions. From these it can safely 
be asserted that the No. 5-U coil functions primarily 
as an auto-transformer and incidentally as a retarda¬ 
tion coil. 

The traditional explanation ever since Brown 
designed this circuit arrangement is that an incoming 
wave from the line meets great opposition in its 
attempt to flow through the line side of the No. 5-U 
coil, because of the high impedance of the latter, and 
as a . result almost all of the incoming current rushes 
into the polar relay which is connected across from line 
to artificial line. The explanation stopped at this 
point and neglected to state where this rush of current 
through the polar relay proceeds to. It does not go 
through the artificial line to ground, because the 
current is coming toward the No. 5-U coil at this time, 
and while this current is influenced slightly in value 
by the incoming line current it is not reversed nor 
is it greatly reduced. If the impedance of the line 
side of the No. 5-U coil were effective in stopping the 
inrushing line current, the artificial line side of it 
should be equally effective in stopping the rush that 
passes through the polar relay. No explanation has 
been made for the condition of outgoing current 
which also occurs due to the operation of the distant 
pole-changer. 

In the quadruplex, the condition existing with the 
home keys and distant common key closed and distant 
polar key working will be discussed first. Oscillogram 
No. 471 of Fig. 28 shows the current in the line as 
trace No. 1, in the artificial line as No. 2 and in the 
polar relay as No. 3, of a bridging quadruplex on an 
Indianapolis-Bellefontaine, 140-mile, No. 8 B. W. G. 
iron wire telephone pair, simplexed with the ordinary 
high-resistance simplex used with direct-current 
- selectors as shown in Fig. 10 but without the composite 
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equipment, and balancing at 4400 ohms with 
one microfarad and 500 ohms in the first condenser, 
and 400 ohms and % microfarad in the second 
condenser. The distant polar key is sending the 
impulses and the other keys are closed. It is apparent 
from No. 471 that the artificial line current is only 



Fig. 28 


slightly changed by the change of line current with 
operation of the distant polar key. Oscillogram 
No. 467 was taken under the same line conditions as 
No. 471 but shows the current in the line side of the 
No. 5-U coil as trace No. 1, the artificial line side as 
No. 2 and in the polar relay as No. 3. The difference 
in the values of current in the artificial line as shown in 
No. 471 and the artificial line side of the No. 5-U coil 
in No. 467 is very marked, and the difference repre¬ 
sents the polar relay current. 

With all keys closed the current is “upward” in the 
polar relay, i. e., the direction indicated by an arrow 
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on Fig. 29 pointing to the top of the page. It is also 
flowing toward the home pole-changer through the 
No. 5-U coil windings. Fig. 29 gives the current 
values and direction of flow on a bridging quadruplex 
during the steady state, for the different positions of 
the keys, as actually measured on a working circuit. 
Fig. 30 gives actual current values in a differential 
quadruplex on the same circuit, for comparison. 

Now, if the distant polar key opens, positive potential 
is applied there and current begins to flow in from the 
distant station. The potential wave will cause current 
to flow through the line side of the No. 5-U cOil and 
will quickly increase the potential across this coil, 
during which time the current will decrease through the 
polar relay, and when the potential across the line side 
of the No. 5-U coil equals the potential across the 
artificial line side, the polar relay current at that 
instant will be zero but rapidly changing’ in direction. 
The transient state continues, that is, there is no hesita¬ 
tion at the zero point and the current reverses in 
direction through the polar relay. 

When the distant polar key closes again negative 
potential is applied there and the line current decreases 
and becomes nearly zero. The traditional explana¬ 
tion does not mention this action which leaves the 
impression that the movement of the polar , relay arma¬ 
ture both to and from the marking contact is due to 
“incoming” waves of current. In fact, the movement 
away from the marking contact is due to increase or 
rise of incoming current in the line, and the movement 
toward the contact is due to decrease or fall of line 
current, provided the home polar key is closed. If the 
home key is open, then the movement of the polar relay 
armature is due to just the reverse set of current actions, 
i. e., the movement away from the marking contact 
will occim with decrease of outgoing line current and 
will move toward it with increase of outgoing line 
current. The current in the line will be flowing from 
the home station when the home key is open. 

It will be remembered that the No. 5-U coil windings 
are both wound on the same core and have a common 
terminal. The incoming and increasing current in the 
line side when the distant polar key opens, tends to 
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build up a magnetic field in this core. This induces 
current in the artificial line winding by mutual induc¬ 
tion or transformer action and in the same directional 
relation as in the line side; i. e., if the line current 
is increasingly flowing toward the common terminal of 
the two windings, the generated current in the artifi¬ 
cial line side will be toward this point, as follows from 
the laws of mutual induction. The magnetic flux 
of this generated current is nearly equal and 
opposite to that in the line side, and hence, the 
net change in flux is slight. As the current rapidly 
increases in the line side of the coil, it also rapidly 
increases in the artificial line side, thus creating a 
large difference of potential between* the two line 
terminals; itistoberemembered that the common term¬ 
inal can have only a potential common to both. This 
change of potential across the line terminals, which is 
across the polar relay, causes the reyersal of current 
through the polar relay and throws the armature to 
the spacing position. 

The bseillograms fail to show any great “rush” 
considered as hate of change of current value, but do 
show that the cprre^^^ continues to increase ih, value 
after reversal has occurred, to perhaps 20 per ; cent 
higher %hie than it does if the No, 5-XJ cOil is replaced 
by 6d0-ohm resistances.^ ^ . T the Mo. 5-TJ coil 
is reihoved and two 500-ohm hon-inductive resistances 
are put ih' its place, the current through the polar 
relay: loses its tendency to rise- beyond the value it 
has reaching the steady state. Oscillograms 

No. .fill and No. 612 illustrate this, with No. 1 as 
polar relay trace. No. 2 as the polar relay local sounder 
circuit trace and No. 3 as the line trace. The No. 
611 has the No. 5-U coils and shows that the polar 
relay current at each reversal continues beyond its 
ultimate value considerably and then gradually recedes. 
The No. 612 has 500-ohm resistances and the current 
in the polar relay reverses and reaches the steady 
value without the tendency to “bulge” beyond that 
value. 

These two oscillograms were taken on one side of 
the low-resistance, composited phantom, Indianapolis 
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to Bellefontaine, No. 9 A. W. G. copper a-c. selector 
telephone dispatching line with the bridging duplexes 
balancing at 1800 ohms, three microfarads and 100 
ohms in the first condenser, and two microfarads and 
600 ohms in the second condenser, with 160-volt 
main battery at each end. The polar relay has an 
ordinary or usual adjustment, and both No. 611 and 
No. 612 show that the polar relay armature is reversed 
before the current change has ceased in the polar 



Fig. 31 


relay, and it is evident that the bulge of current in 
the set with the No. 5-U coil serves no useful purpose 
other than to hold .the polar relay armature more 
solidly against its contact after it gets over. From 
the evidence gathered in these investigations it is not 
apparent that the current changes at any greater rate 
in the set with the No. 5-U coil than in the one with 
the 500-ohm non-inductive resistance. A similar 
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record of a differential duplex and its polar relay local 
sounder circuit is given in No. 613 for comparative 
purposes. It was taken on the same circuit as were 
No. 611 and No. 612. In No. 613, traces No. 1 and 
No. 3 are both the line current. 

For the bridging quadruplex the result of compari¬ 
son of the No. 5-U coil and the 500-ohm resistances 
is shown by No. 469 of Fig. 18 for the No. 5-U coil and 
No. 534 of Fig. 28 for the 500-ohm resistances, both 
taken on the 140-mile, No. 8 B.W.G. high-resistance iron 
simplex circuit. In these, trace No. 1 is the line side of 
the No. 5-U coil. No. 2 is the artificial line side of the 
No. 5-U coil and No. 3 is the polar relay current. 
The common or neutral keys are closed. 

This tendency to bulge or exceed the ultimate steady 
state value is more striking in the Goslin quadruplex, 
as illustrated in No. 390 of Fig. 31 for the non-inductive 
winding, and No. 393 with the No. 5-U coil. In this 
arrangement the polar relay and neutral relay are in 
series across the terminals of the No. 5-U coil and get 
less current in the bridge after the steady state is 
reached than does the regular quad, and due to the No. 
5-U coil tending to equalize the current through its 
two windings during the transient state, the polar relay 
current is considerable. 

It will be noted in No. 467 of Fig. 28 that after the 
first rush ends, the line side current in the No. 5-U coil 
continues to increase slowly and the artificial line 
slowly decreases, both changing by about the same 
amount, until the steady state is reached. The tinie 
to reach the steady state in these bridging sets^ is 
longer than the average dash, as seen in the letter '^a’^ 
which is being repeated in these oscillograms. 

Two quadruplex sets were made up of non-inductive 
resistances throughout, simply maintaining the skeleton 
outlines of the bridging quadruplex; that is, there were 
no coils or relays used, simply resistances of the same 
values as the pieces of apparatus they replaced. These 
were placed on the sameNo. 8 B. W. G. iron wire simplex 
circuit as that on which No. 467 and No. 471 of Fig. 28 
were taken. No. 498 of Fig. 31 corresponds to No. 467 
as to location of recording elements of the oscillograph, 
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and No. 501 similarly corresponds to No. 471. In No. 498 
and No. 501 it is evident that the rate of reversal of 
current through the polar relay branch of the circuit 
is' the same as with the regular polar relay and No. 5-U 
coil, but the change ceases sooner ■with the non-induc¬ 
tive circuit, although the line waves are very closely 
the same in both arrangements. 

, Comparison shows clearly how the steady state is 
quickly reached in the polar relay in the non-inductive 
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resistance circuit used in place of the No. 5-U coil 
illustrated in No. 498; whereas, there is considerable 
slant or gradual change in the inductive No. 5-U coil 
illustrated in No. 467. 

A search coil of 250 ohms was wound on a No. 5-U 
coil of a duplex set and connected to the oscillograph, 
giving the result shown in No.f547 of Fig. 31 as No. 1 
trace, with the distant station sending on the polar key. 
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This shows that the change in magnetism in the core 
of the No. 5-U coil is very slight, consisting of small 
humps in the trace No. 1 at each reversal of the line 


~//o/ 



Fig. 33 —Polar Kelay Test Circuit 


current, while the current in the two sides fluctuates 
widely, which indicates that the coil is a very efficient 
transformer and as in power transmission, compara- 



Fig. 34 


tively large power is transformed with a relatively small 
magnetizing current, , ' , .. 

In the case of the current waves set up by the action 
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of the home polar key when sending as shown in No. 
548 of Fig. 31, the magnetism is considerable, as shown by 
the large sharp peaks of trace No. 1 made by the search 
coil. This is somewhat due to the lack of proper 
and exact balance,” i. e., the capacity, resistance and 
inductance of the artificial line is not exactly the same 
as the real line and the terminal apparatus at the 
distant end of the line. 

These peaks of magnetism in the core of the No. 
5-U coil cause the rounding off of the line wave of the 
home key operation, which is one of the chief features 
aimed at in the bridging sets. If no magnetic flux 
resulted due to the outgoing wave, the coil could be 
considered as non-inductive to outgoing waves and 
would show no great difference in the outgoing wave 
from that of the differential sets which have very 
sharp peaked out going waves. Tests with an actual 
line instead of an artificial line show that the kicks in 
the polar relay resulting from the home pole-changer 
are n^ligible, as illustrated in No. ’588 of Fig. 18, but 
that the outgoing line current is rounded off as much 
as in sets that have artificial lines. Therefore, it is 
not lack of balance that causes the Auxin the No. 5-U 
coil and the rounding off of the outgoing wave. It 
is, perhaps, the leakage flux in the No. 5-U coil which 
affects both the line and artificial line sides equally, 
if the balance is exact. 

As a further illustration of the conclusion that the 
No. 5-U coil has effect in rounding off the; outgoing 
waves No. 465, No. 495 and No. 533 of Fig. 32 can be 
compared. All three are records made on the previ¬ 
ously mentioned 140-mile, No. 8 B. W. G. iron wire sim¬ 
plex circuit, and trace No. 1 is the line side of No. 5-U 
coils. No. 2 is the artificial line side of No. 5-U coil, and 
No. 3 is the polar relay circuit. The distantcommonkey 
was open in all three, the home polar key sending and 
the other two keys were closed. The peaks of the 
outgoing waves are rounded off in No. 465, which is the 
re^lar bridging quadruplex. They are -sharp in No. 

495 which is a skeleton resistance quadruplex men¬ 
tioned above and are also sharp in a regular quadruplex 
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with 500-ohm resistances instead of a No. 5-U coil, 
as illustrated in No. 533. 

In a quadruplex of either bridging or differential 
type and in the differential duplex, it is readily apparent 
that the relays which are in the line differentially, 
that is with one coil in the line and one in the artificial 
line, act as transformer to some degree. This follows 
because the two windings have a common core, and 
current in one winding cannot fail to generate current 
in the other winding. The extent of this action has 
not been definitely determined. 

Two separate No. 5-U retardation coils were also 
tried in a quadruplex with one winding of each connected 
in circuit and the other winding standing open, on the 
140-mile No. 8 B. W. G. iron simplex. The result 
is shown in No. 636. It was not possible to work this 
quadruplex, because it took too long for the current 
waves to build up and die out in the retardation coils. 
The result of the home polar key sending is shown in 
No. 535, which is plain explanation of the failure of 
the circuit to telegraph. Trace No. 1 is the line side 
coil, No. 2 is the artificial line coil and No. 3 is the polar 
relay. The home key causes wide variation in the 
current in the home polar relay. These two records 
disprove the theory that the No. 5-U coil is a retard¬ 
ation coil only. 

Modification of the outgoing wave is necessary 
for circuits such as the bridging duplex is designed 
for, that is single wires and simplexes, and for 
these perhaps some suitable retardation coil and 
condenser can be designed for insertion between 
the pole-changer and the line relay. The ideal design 
would be inductive to home sending and non-induc¬ 
tive to received signals. The vacuum tube may solve 
the problem. 

In comparison of bridging and differential duplexes 
it is seen that the received line waves are practically 
equal and alike in shape in both, if used on the same 
circuit and with the same voltage. A question is, 
which makes more efficient use of this wave? The 
polar relay has its coils in series on the standard 
bridging duplex. One coil of this relay would require 
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twice as much current in order to have equal 
force. The net operating current in a differential 
set is the difference between the line and artificial 
line current and can be considered as acting in one 
coil only of the polar relay. If this net operating cur¬ 
rent is greater than the bridging set polar relay current 
multiplied by 2, it has greater force than the 



Fig. 35 


latter. Tracings from oscillograms Nos. 413 and 415 
are given in Fig. 35, and clearly indicate that the differ¬ 
ential relay net operating current of No. 413 is more 
than twice the polar relay current of No. 415. From 
the records taken it appears that the bridging 
polar relay does not get as much force as the line coil 
of a differential set, due to the divided circuit between 
the No. 5-U coil and polar relay, both of which share 
the line wave. Therefore, the differential probably 
makes more efficient use of the line wave than does 
the bridging duplex. 
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Polar Relay Speed of Reversal 

The quadruplex depends for its success upon the 
inaportant fact that the fluctuations in the line current 
due to the insertion and removal of resistance in the 
distant station main battery, are not distinguishable 
to the ear in their effect upon the polar relay and its 
local sounder. The fluctuation is generally set at a 
3 to 1 ratio, that is, the current is three times as great 
when the distant neutral key is closed and the resistance 
cut out as when it is open with the resistance in. In 
some cases the ratio of 4 to 1 is used. In a bridging 
quadruplex the bridging relay current will be 16 or 
17 milliamperes with the distant neutral key closed 
and 5 to 6 with it open. The polar relay must and 
does follow the, distant polar key without recording 
this 5 to 16-milliampere variation. Tests were made 
to demonstrate this, using the circuit of Fig. 33, 
with the result given in oscillograms No. 355 and No. 
366 of Fig. 34. The key circuit was 150 milliamperes, 
the polar relay was 30 milliamperes and the sounder 
circuit, 325 milliamperes in No. 355. In No. 356 the 
polar relay current was reduced to 10 milliamperes. 
The distance Orb in both represents the reversal time 
of the polar relay armature when the key closes. The 
interval c-d is the reversal time when the key opens. 
There is no difference noticeable in the a-h intervals 
of the two records, and, likewise, very little difference 
in the c-d intervals of the two, which verifies what is 
known from listening tests. 

Defects op Quadruplex 

The neutral side of a quadruplex depends upon in¬ 
crease and decrease of line current strength and should 
be independent of the direction of the current. One 
weakness of the standard quadruplex is that the neutral 
relay is not independent of the reversals of line current 
which are produced by the operation of the polar 
side of the circuit. Means are necessary to overcome 
the resulting opening of the neutral side local sounder 
circuit when the current reverses in the neutral relay. 
The present standard of the Western Union Telegraph 
Company appears to be a development of the Gerrett 
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Smith bridging condenser plan in combination with 
the Diehl ''bug trap'' repeating sounder. With the 
"bug trap" the contact point is the back-stop of the 
neutral relay armature, and therefore, this armature 
may, in fact, leave its front stop when a current reversal 
takes place, and if it pulls up again without striking 
the back contact, no false signal results. The bridging 
condenser holding circuit includes a coil on the neutral 
relay, which gives the armature a pull, due to the con¬ 
denser charging current that occurs with change of 
line current, and this pull assists in keeping the arma¬ 
ture from striking the back contact during current 
reversal. 

The present design of neutral relay has the holding 
coils mounted above the line coils, and. the armature is 
extended up to the pole faces of these coils. This 
results in a comparatively slow or sluggish relay due to 
armature inertia, and while fast enough for hand send¬ 
ing, for which it was designed, it is too slow for fast 
hand-operated sending machines or "Vibroplex" u:e, 
commonly called "bug" sending. 

The standard Western Union bridging quadruplex 
has the polar relay bridged across the line and artificial 
line terminals of the No. 5-U coil with its two coils in 
parallel, and has one winding of the neutral relay in the 
line and the other in the artificial line. The current 
readings of small Fig. A of Fig. 29 indicate the 
steady current values which are with all keys 
closed, 16 milliamperes in the polar relay and 52 
milliamperes, the difference between 56 and 4, in 
the neutral relay, which is net operating current in 
one coil of the latter. The 16 milliamperes in the 
polar relay with coils in parallel are equivalent to 
16 milliamperes in one coil, if the same force 
were applied to one coil only as is the case with the 
neutral relay. The neutral relay, therefore, has a 
marginal advantage of 36 milliamperes acting in one 
coil, over the polar relay due to being in the line. 
Oscillograms, as well as direct-current measurements, 
confirm the above advantage claim as shown in the 
tracing of Fig. 35, at the bottom of the page, traced 
from oscillogram No. 475, using one base line 
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for all three waves of current, on a bridging quadruplex 
on the 140-mile, iron wire simplex. On this tracing 
the difference between the line and artificial line cur¬ 
rent has been plotted and is marked “Resultant in 
N. R.,” showing that the neutral relay net operating 
current apparently is greater than the polar relay cur¬ 
rent. 

Reverse Quadruplex 

The polar side of a standard bridging quadruplex 
is believed to be weaker than a differential duplex, be¬ 
cause of smaller current margin, and in the endeavor to 



strengthen it, advantage was taken of the apparent 
higher current in the line, and the positions of the polar 
relay and the neutral relay exchanged, placing the 
polar relay differentially in the line and the neutral 
relay across the No. 5-U coil. 

The neutral relay was next separated into two parts, 
consisting of two standard 240-ohm Morse relays. 
No. 4-C, one in the bridge and the other in the holding 
condenser circuit, with the result shown in Fig. 36 
called a “reverse” quadruplex, which is a faster quad¬ 
ruplex than the one with the standard neutral relay. 
This novel arrangement of the holding relay in series 
with the holding condenser and separate from the neu¬ 
tral relay, functions when the line current reverses, due 
to the distant pole-changer operating, and pulls 
up the holding relay and opens the neutral relay local 
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circuit at the moment it tends to close when the 
line current reverses. Tests were made with a re¬ 
verse type quadriiplex on the 140-mile iron wire simplex 
with the distant station sending on the polar key, first 
with the holding relay contact short-circuited and not 
functioning, and second with the neutral relay contact 
short-circuited and not functioning, but with the 
holding relay operating. The first is No. 543, of Fig. 34, 
in which trace No. 1 is line current, trace No. 2 is bridge 
relay current and trace No. 3 is the neutral relay local 
circuit. The relation of waves in traces Nos. 1 and 3 
shows the time at which the neutral relay releases, due 
to line current reversal. The second case is No. 545, 
in which trace No. 1 is line current as in No. 543, 
trace No. 2 is holding relay circuit, which has the con¬ 
denser in series with it, and trace No. 3 is the neutral 
relay local circuit. The break in the local circuit here 
comes at practically the same place in the line wave that 
the circuit tends to close in No, 543. 

Actual results confirm the fact that these two circuits 
functioninharmony,producingapracticable'‘bugtrap.^' 
The repeating sounder is retained as in the standard 
quadruplex. The closure of the neutral relay local 
circuit with operation of the distant neutral key, is 
illustrated in No. 544 as trace No. 3, in which*the line 
current is trace No. 1, and the bridging relay, in this 
case' the neutral relay, is trace No. 3. This type of 
quadruplex will follow fast ^'bug'^ sending on the neutral 
side. 

The second weakness of a quadruplex is lack of 
accurate artificial line balance, and a means of deter¬ 
mining the accuracy of the balance better than the 
standard milliammeters is greatly needed for both 
duplex and quadruplex. It is not possible with the 
milliammeters to distinguish between a balance on an 
artificial line and the balance obtained by the use of an 
actual line. The results as observed on the Morse and 
as recorded by the oscillograph, show there is a very 
decided difference in the best artificial line balance and 
the actual line balance. A meter with a beam of light 
instead of a swinging coil and pointer, based on the 
oscillograph vibrator idea, is suggested. The uiidu- 
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lator for multiplex circuits perhaps may be advan¬ 
tageously used with ordinary Morse duplexes. 

Terminal Resistance Unbalance 

The terminal resistances, which are in the main 
battery taps as protection from short circuits at the 
pole-changer contacts, are a third detrimental factor in 
the quadruplex and also in the duplex, but more so 
in the quadruplex. In Fig. 29 it is seen that the 
current in the negative battery is 60 milliamperes with 
all keys closed, and is 137 milliamperes when the distant 
polar key is open. The 137 milliamperes cause a greater 
potential drop across the battery protection resistance 
and result in less effective voltage to the artificial 
line, which upsets the balance to a considerable extent 
as seen in the resultant neutral relay wave of No. 475 
traced in Fig. 35. This causes the current to be light 
with the keys all closed and heavy when the distant 
polar key is open. If the home polar key is open, the 
conditions of heavy and light are the reverse, that is, 
the current is heavier when the distant polar key is closed 
than when it is open. The effect is apparent in the 
polar relay, and although less noticeable, is very 
. detrimental in the neutral relay by reducing the work¬ 
ing margin to the extent of the difference between the 
light and heavy current. The remedy suggested is 
to use No. 2-A or similar circuit breakers in place of 
terminal resistance, and use generators or battery 
with negligible internal resistance. 

Cause of Light and Heavy Writing 

A fourth factor detrimental to good quadruplex 
results and also to duplex working, is the tendency for 
the polar relay to write heavy when the home polar 
key is closed and to write light when it is open, caused 
by the distant office pole-changer armature' travel 
being too great, or its speed of travel too slow. This 
action is independent of and in addition to the terminal 
resistance unbalance. If all keys are closed, there is 
no current in the line. Assume that the distant pole- 
changer now opens; i. e. leaves the negative battery, 
and is held midway between contacts a definite length 
of time, that is, on neither positive nor negative battery. 



372 STANLEY RHOADS [Feb. 17 

The home battery and the stored energy of the line 
and equipment will be the only forces acting. The 
current values that existed the instant previous to 
opening the key, were comparatively small, there 
was no current in the line, and the magnetic inertia 
tends to keep the current flowing as it was, hence no 
great effect is noted, not enough to throw or start the 
home polar relay amaature. Now, let the distant 
pole-changer strike the back contact which is positive 
battery, and the line current will jump up perhaps to 
100 milliamperes and promptly throw over the polar 
relay armature. If the pole-changer is now “opened” 
again without making contact on either polarity, 
Vialf the voltage causing the 100-milliampere line cur¬ 
rent will be cut off, the current will quickly decay, 
and the home battery will weaken the current in the 
polar relay and tend to start it in its reversal. If the 
pole-changer now closes, i. e. makes contact on negative 
battery, the line current will become zero and the 
polar relay wall be reversed by the home battery. In 
tbiR explanation the point is that when the distant 
pole-changer leaves the negative or closed pole, the 
effect is negligible until the positive pole is in action; 
this tends to lengthen the marking signal at the 
polar relay, and the movement of the pole-changer 
from the positive or open pole toward the closed or 
negative pole, causes quick action in the polar relay, 
tending to make it close. Thus, the effects are to 
lengthen marking signals by quick closing and de¬ 
layed opening. 

Assume both the pole-changers to be on the open 
or positive battery and the line current zero. Now, 
if the distant pole-changer opens and is held midway 
between contacts a moment, the spacing signal at the 
home ‘station will continue. When the pole-changer 
is placed on closed or negative battery, the line current 
will jump up to about 100 milliamperes and the home 
polar relay ■will be reversed to the marking contact. 
If the distant pole-changer is now held open again, the 
100 milliamperes will be cut off and the home battery 
also will tend to weaken the current in the home 
polar relay. When the open or positive pole is again 
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put in action at the distant pole-changer, the force 
necessary to complete the action of reversing the home 
polar relay will be slight and the result prompt. In 
this explanation it is seen that slow or delayed move¬ 
ment of the distant pole-changer from the positive 
or open pole to the negative, tends to make the marking 
signal slow to begin, and the delayed action in closing 
again tends to cut off the marking signal almost as 
soon as if no delayed action occurred. Thus, by 
delaying the start and not delaying the end of a marking 
signal, the signal is made shorter, which is the reverse 
of the condition with the home polar key closed. The 
result is heavy signals with the home polar key closed 
and light signals with the home polar key open. The 
remedy is close adjustment of the pole-changer, but 
this will not change the terminal resistance unbalance 
trouble. 

From oscillogram No. 455 of Fig. 32, which is the 
record of line current as trace No. 1, bridge relay as 
trace No. 2, and holding relay as trace No. 3, on the 
140-mile iron wire simplex, it would appear, at first 
glance, beyond expectation for the relays of a quad- 
ruplex to follow such apparently senseless waves. The 
experiments so far made encourage the belief that it 
is not impossible. In the first place, if an artificial 
line as good as an actual line is obtained, half the 
problem is solved. The terminal resistance unbalance, 
pole-changer travel unbalance and unnecessary relay 
inertia are other factors which are capable of improve¬ 
ment. 

Inductive Disturbance in Telephones from 

Differential Sets 

It is the experience on the New York Central Lines 
that differential operation on some classes of circuits 
causes considerable induction in adjacent circuits, in 
some cases interfering to a serious extent with the 
operation of telephone circuits carried on the same 
pole lines. The increasing number of multiplex printer 
circuits which are differential-operated increases the 
disturbances. 

Bridging duplexes dp not seem to cause appreciable 
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difficulty of this nature, but the speed of operation 
of the bridging sets may not be as high as with differ¬ 
ential working. Certain tests have shown that the 
differential system is satisfactory from an induction 
standpoint on paralleling telephone circuits when used 
on composited phantom wires, that is, on the Morse 
legs of two pairs making up a phantom of which each 
pair gives One Morse circuit; also on Morse circuits 
made up of each of two wires which form a long-distance 
telephone pair. It is the intention, therefore, to use 
the differential system on composited wires and the 
bridging system on simplex and single wires, on the 
New York Central Lines. However, it is apparent 
from some oscillograms taken that bridging sets can 
be speeded up when used on composited circuits by 
removing the condensers and coils in the Morse legs 
of the composite sets, but because the efficiency of 
the differential is higher and the polar relay in it gets 
more current at lesser operating voltages, it seems 
preferable to use differential on composited circuits. 
The lessened voltage results in lessened disturbance 
in the telephone branch of the circuit. 

Oscillograms No. 458 and No. 459 of Fig. 37 show 
the outgoing and incoming waves oh a circuit made up 
of a 280-mile loop of simplexed telephone lines equipped 
with Western Electric Company straight step-up selec¬ 
tors, consisting of two so-called “high-resistance” 
simplexes—one 140-mile No. 8 B. W. G. iron pair, 
and the other 140-mile No. 9 B. & S. copper pair— 
connected together without repeaters at the junction 
point. That is, the circuit was arranged with two 
duplex sets at Indianapolis, Ind., on two simplexes to 
Springfield, Ohio, where the simplexes were tied to¬ 
gether without repeaters. This permitted simultane¬ 
ously recording both outgoing and incoming waves at 
Indianapolis. The sharpness of the differential waves 
in trace No. 1 of No. 459 is noticeable, compared with 
the more rounded wave of trace No. 1 of No. 458, 
which is the bridging duplex. The duplex sets used 
were standard Western Union instruments, installed 
according to that company's specifications. The sim¬ 
plex coils were Western Electric Company No. 46-A 


I 
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with No. 34-B non-inductive resistances added be¬ 
tween the No. 46-A coil and the line. 

A number of records were made to see if a differential 
set at one end of a line and a bridging set at the other 
had any effect upon the operation of the circuit, but 
no detrimental effect could be noted. One point 
noted was that the received wave is the same shape 
in both differential and bridging circuits. The sharp 
peak of the outgoing differential set is absorbed by 
the line, upon simplex and composites at least, which 
were the kind of circuits tested. This is illustrated 
in trace No. 2 of No. 567 of Fig. 35 for bridging set, 
and No: 568 for differential set, which were taken on a 
low-resistance phantom composite loop of Fig. 11. 
These two circuits were 140 miles each. No. 9 A. W. G. 
copper dispatching and message lines. Points a and 
6 of Fig. 11 were connected at the Beliefontaine eiid, 
making a loop, Indianapolis to Bellefontaine and re¬ 
turn. All the composite and telegraph equipment was 
cut off at Bellefontaine. 

The effect of the grounded capacity and half l^o. 
5-AA retard coils in the Morse legs was noted by cutting 
them out and taking No. 569 bridging and No. 670 
differential, other conditions being the same as Nbs. 
567 and 668. In Nos. 567 and 568 trace No. 1 is the 
polar relay current, and trace No. 2 is the line current 
at the receiving station. In Nos. 568 and 670, No. 1 
is the artificial line current and No. 2 the line ciurent 
at the receiving station. Comparison of Nos. 567 
and 569, bridging sets, indicates that the half No. 
5-AA coils and six-microfarad condensers, a.s used in 
No. 567, appreciably round off the waves and slow up 
the circuit, and that they can be dispensed with and 
yet obtain fairly smooth waves as in No. 669. Com¬ 
parison of Nos. 568 and 670, differential sets, indicates 
the necessity of having these coils, as No. 570 has rather 
sharp waves. No. 568 indicates that the differential 
waves are rounded out enough to prevent induction. 

An interesting exhibit is shown in No. 463 and No. 
464, which are records made on two working multi¬ 
plex printing telegraph circuits. The No. 463 was 
taken at Indianapolis on a Chicago-Louisville multi- 
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plex wire, and No. 464 was at Indianapolis on an 
Indianapolis-Cincinnati multiplex wire. It is evident 
that No. 464 was being operated as a differential set, 
and it is probable that No. 463 was also, but as the 
record was made at the middle of the line, the waves 
are somewhat rounded off. No. 464 illustrates why 
induction is heard on telephone circuits from these 
multiplex circuits wdth their sharp waves. 



Fig. 37 


Records No. 403 and No. 404 of Fig. 37 show the 
result of 25-cycle induction from a single-phase 
trolley line on duplexes, used on a composite leg of a 
No. 9 A. W. G. copper, low-resistance phantom, 
Indianapolis to Cincinnati, 110 miles. The trolley 
line parallels the railroad from Indianapolis, 40 miles 
toward Cincinnati. The No. 403 is with duplexes 
with 500-ohm resistance in place of the No. 5-11 coils. 
Trace No. 1 is line current, trace No. 2 is artificial 
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line and trace No. 3 is the polar relay. The No. 404 
is the same as No. 403, but has No. 5-U coils, which 
greatly amplify the induced waves, but the net opera¬ 
ting current in the polar relay is about the same in 
both. The effect of an induced wave, if it should 
occur at a time of zero current in the polar relay, 
might cause false signals, with the No. 5-U coil set. 

The investigations indicate that the one-microfarad 
condenser in duplex and quadruplex sets at the vertex 
of the No. 5-U retard coil, has but slight bearing on 
the wave shape of the circuit and is chiefly advantageous 
as a spark eliminator at the pole-changer contacts. 
Six microfarads were tried without noticeable effect. 

It is noted in the bridging quadruplex that the 
holding condenser current affects a loop consisting of 
the condenser, the holding relay, line relay and bridge 
relay. No effect of it can be detected in the line, the 
artificial line or in the No. 5-U coil. 

The “bulge” of the polar relay current is noted in 
both the duplex and quadruplex. In the quadruplex 
this is confined to the above mentioned loop consisting 
of the holding condenser circuit, line relay and bridge 
relay. In the duplex it is seen to a limited extent in 
the line and in the No. 5-U coil. 

Telegraph Transmission Distances 

On the N. Y. C. Lines three hundred miles are about 
the maximum a single No. 8 B. W. G. iron wire is used 
for single Morse in through service or semi-local 
service. If all way offices are cut in, the average dis¬ 
tance is 150 miles. On iron wire block simplexes the 
distances are about the same as above. While the 
line wire resistance is halved in a block simplex, the 
leakage is increased and the simplex coil resistance is 
added, resulting in the wire being about as good as a 
single wire of similar material and gage for the same 
length. There are so few single copper wires in the 
N. Y. C. Lines in telegraph use, that no experience with 
them can be related. As indicated in the discussion 
of single Morse operation on page 839, these iron wires 
prove unsatisfactory for local way wires with many 
offices in wet and foggy weather. Iron wire should 
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not be considered for main lines with heavy traffic 
because of the rapid deterioration from smoke. 

Duplexes are used on the average for about one 
railroad division which is 150 miles., on high-resistance 
simplexes of No. 8 B. W. G. iron wire. Copper wire 
simplexes or composites, No. 9 A. W. G., high-resistance 
type, are good for more than this length but seldom 
for two divisions. Low-resistance copper simplexes 
or composites. No. 9 A. W. G., are good for 300 miles. 
Copper wire. No. 8 B. W. G., is used in simplex com¬ 
posite and phantom composite, low-resistance type, 
for 600 miles. 

Quadruplexes are good for about 300 miles on single 
No. 9 A. W. G. copper wire; block simplex, No. 8 
B. W. G. iron, for 150 miles; high-resistance No. 8 
B. W. G. iron simplexes, 100 miles; copper No. 9 
A. W. G. simplexes, high-resistance type, to perhaps 
150 miles; and on low-resistance type 200 miles. 
Very little data regarding quadniplexes on composite 
circuits are available. This combination is seldom 
used. The above data are for circuits without 
repeaters. 

Comparison of the telegraph transmission qualities 
of different gages and kinds of wires and types of cir¬ 
cuits have been made and are recorded in Fig. 38. 
No. 616 is the record of a bridging duplex, first with 
the distant station sending, which is the trace above 
the base line, and second with the home station sending, 
which is the trace below the base line. The wire is a 
No. 9 A. W. G. copper single wire between Indianapolis 
and Mattoon, Ill., distance 129 miles. In this ter¬ 
ritory there is very little cable—hardly enough to 
be considered in such short duplexes. No. 617 is 
the same duplex on one side of a composited phantom 
between the same two points and recorded similarly. 
The circuit is No. 9 A. W. G. copper, low-resistance 
type simplex on the dispatcher’s circuit, which is 
one side of a phantom. It will be seen that the current 
is greater on this than on the single copper wire 
and the wave shape is practically the same, indicating 
that the circuit is about as fast in dry weather as the 
single wire. 
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The duplexes were next moved to the No. 8 B. W. G. 
iron wire between the same points with the result 
given in No. 619. No. 618 is the result on a No. 8 
B. W. G. iron wire simplex circuit between these points, 
low-resistance type, and indicates as good a dry-weather 
circuit as the single iron wire No. 619. 

Fig. 18 gave the record of the way Morse wire on 
this division of the railroad, taken at the time when it 
was equipped with 120-ohm main line sounders. This 



wire was later made one side of the station-to-station 
block telephone circuit and simplexed for the way- 
station Morse service, at which time it was equipped 
with 30-ohm main line sounders. The record of its 
present transrnission is No. 622. The Western Union 
way wire in this territory is No. 8 B. W. G. iron, 
with 120-ohm main line sounders, and is recorded m 
No. 621. The block simplex has more current but 
has 30 offices, whereas the W. U. Co. way wire has but 

22 offices; 

^ <0 ' 
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Telephone Transmission Distances 

Experience indicates that the railroad service re¬ 
quires ten-mile telephone transmission or better for 
the dispatching, message and long-distance lines. 
Dissatisfaction results if the equivalent in miles of 
standard cable is much greater than this. This 
shows that the railroad demands better transmission 
than is considered satisfactory in commercial service. 
From the standpoint of practical results and satis¬ 
faction to the users of the railroad telephone lines the 
following has been noted: 

No. 8 B. W. G. iron for long-distance lines should 
not exceed 50 miles of line; for way-station message 
telephone lines using railroad telephones, 75 miles. 

No. 9 A. W. G. copper for long-distance lines should 
not exceed 150 miles; for dispatching and message 
lines, 225 miles; for phantoms composited, 150 miles. 

No. 8 B. W. G. copper for long-distance lines should 
not exceed 300 miles without repeaters. 

The above figures are based upon average conditions 
such as obtain upon the New York Central Lines, and 
take into consideration that some of the P. B. X. sta¬ 
tions are a considerable distance from the P. B. X. 
which limits the transmission distance because of the 
loop losses. Circuits are frequently used of longer 
distances than the above but at a sacrifice in efficiency 
and with some annoyance to the users. 

The railroad telephones as used on dispatching and 
message lines produce considerably more volume of 
transmission than standard P. B. X. station telephones, 
and therefore have greater transmission distance, 
which experience indicates is 30 per cent greater than 
the standard P. B. X. stations for equal volume of 
received transmission. 

The author wishes to express his cordial appre¬ 
ciation of the extensive assistance rendered by Mr. 
John L. Niesse, Telegraph & Telephone Engineer, 
C. C. C. & St. L. Ry., in making the oscillograms and 
for other assistance in preparing data for this paper, 
and to Professor C. Francis Harding, Head, School of 

Elec. Eng., Purdue University, for the use of the 
oscillograph. 
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Discussion on ‘^Carrier Current Telephony and 
Telegraphy'' (Colpitts and Blackwell) and 
''Some Phases of Railroad Telegraph and 
Telephone Engineering" (Rhoads), New York, 
N. Y,, February 17, 1921. 

Major General G. O. Squier: The subject 
matter dealt with in the paper, entitled "Carrier 
Current Telephony and Telegraphy," is naturally of 
particular interest to me personally, and I am very 
much interested, indeed, to know that the develop¬ 
ment of my invention is receiving attention by a 
competent engineering organization in this country 
and is now used in practise by The American Telephone 
and Telegraph Company, I shall deal briefly with 
the technical aspects of the subject a little later on. 
Let me say in the beginning that in this discussion it 
is my aim to contribute something in a constructive 
way. I take due note of the fine engineering achieve¬ 
ments of The American Telephone and Telegraph 
Company in the development of my system of multi¬ 
plex telephony and telegraphy. 

To begin with, I cannot agree in the choice of the 
name adopted by the A. T. & T. Co. "Carrier Current 
Telephony and Telegraphy" does not convey the basic 
idea of the principle employed in this system which 
differentiates it from the older systems of telephony 
and telegraphy. After all, even in the direct-current 
system, a carrier current is employed in the sense used 
in the paper. Certainly to the layman it does not 
convey a correct idea of the principle of the system. 
In this system of a-c. telephony and telegraphy, 
currents of comparatively high frequencies^ are em¬ 
ployed, and it is the difference in frequencies which 
gives distinct character to the different messages sent 
simultaneously over the same line, and which enables 
us to sort them out and separate them at the receiving 
end. Surely the name ought to be in some way ex¬ 
pressive of the underlying principle of the invention. 
Like every other new art, some confusion exists in 
regard to the name. It is at present variously 
designated, "High-Frequency Telephony and Tele¬ 
graphy," "Guided Wave Telephony," "Wired Radio," 
and popularly known by its original name "Wire 
Wireless.'' Recently we have circularized the radio 
engineers of the Navy Department, the War Depart¬ 
ment, and the Bureau of Standards, and it was tenta¬ 
tively agreed that "Wire Radio" would be a proper 
name for this new art. I have proposed this name in 
a letter published in the London Electrician of December 
17, 1920, which has led to considerable discussion in 
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the correspondence columns of that journal. Many 
different names were suggested, but the one proposed 
by Dr. Louis Cohen, viz.,''Line Radio,'' seems to me 
to meet more fully all the requirements. It is brief, 
euphonic, and at the same time conveys the idea of the 
transmission of currents of a radio character over a 
line, and the utilization of equipments, apparatus and 
engineering methods usually associated with the radio 
art. 

I would suggest that the Institute Committee on 
Standardization and Nomenclature give some atten¬ 
tion to this matter, deciding on a suitable narne for 
this new art, and avoid further confusion which is 
likely to result from a multiplicity of names. Unless 
one is acquainted with the art, one would hardly 
suspect that ''Carrier Current Telephony and Tele¬ 
graphy," and "Wired Wireless" are different names for 
the same thing. 

The historical aspects of the subject given in the 
paper interest me considerably. I really feel some 
delicacy in discussing this phase of the paper, Mr. 
Chairman, because I have been intimately associated 
with the invention and development of this new art for 
many years, and naturally should be obliged to refer 
to my own contributions to the subject, and open 
myself, pdrhaps, to the charge of being biased. I shall 
try, however, in the interest of historical accuracy, 
and as a matter of record, to present the facts as I 
know them. I appreciate that one may get into a 
sort of "polarized state of mind," seeing only one angle 
of a complex subject, and this is also true in the case 
of an organization—there may be such a thing as 
"group polarization." The best I can do is to give 
you my views on the subject. 

In the discussion of the history of the subject, and 
also in' the bibliography given, the authors of this 
paper take the year 1912 as the date on which active 
development of this new art of multiplex telephony 
and telegraphy was started. By indirection, it is 
implied that my contributions to the art are only o J 
historical interest. It may be that the year 1912 i ^ 
the time when The American Telephone and Telegraph 
engineers realized the importance of the use of my 
invention of high-frequency currents for telephonic and 
telegraphic transmission over lines, and started in¬ 
vestigations along that line in their laboratories, but 
this should not Wind us to the fact that work along 
that line had been done before, and successful results 
obtained. 

I believe that the first successful experiments in 
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Multiplex Telephony and Telegraphy were carried out 
in the Signal Corps laboratories, under my direction, 
in 1910. We had commenced to make plans for these 
experiments in the early part of 1909. Our idea was 
to unite the two arts of '‘Line Telephony and Tele¬ 
graphy^’ and "Radio Telephony and Telegraphy” 
by the simple expedient of connecting the transmitting 
and receiving stations by a line. The idea was that 
such a system would be much more efficient than an 
ordinary radio system, since the energy transmitted 
would be guided by^ a channel connecting the two 
stations, preventing it from radiating into space m 
all directions, and at the same time, offer the possi¬ 
bility of multiplexing. We accordingly took immediate 
steps to secure all the^ apparatus which might be 
required for these experiments. ^ As a source of con¬ 
tinuous high-frequency oscillations, we obtained a 
high-frequency alternator from Mr. Alexanderson of 
the General Electric Company, which had an ou^ut 
of 2 kw. at 100,000 cycles. We were also the first 
I believe to use the three electrode vacuum tube 
detector or audion on a physical line. In other 
words, we tried to obtain and secured the best equip¬ 
ments available at that time for that purpose, and with 
these means, and with our experience in the radio art, 
we had no difficulty in obtaining satisfactory results 
from the very start. It was easy to run a large number 
of experiments, due to the thorough preparations W’e 
had made, and in the course of a few days our experi¬ 
ments had established, beyond the shadow of a doubt 
that this matter was entirely practicable, ihe^e 
experiments attracted attention, and as the^^p^er 
says, "excited popular interest in the subject. ^ ihe 
reason for that popularity was that the experiinents 
were successful. Those who were interested^ realized 
that that was the first time in the history of the art 
that telephonic transmission by means ot electric 
waves guided by wires had been accomplished, practi¬ 
cally, and for a number of months after that we had 
to keep the exhibit on view for various scientists and 
engineers who came to Washington to see it, use it, and 
be convinced. It was further realized that this matter 
offered the solution to the problem of multiplex tele¬ 
phony and telegraphy. It is true, as pointed out in 
this paper, that many able engineers had previously 
given considerable attention to the problem of multi¬ 
plexing. Among those most prominently actwe in 
this field may be mentioned, Gibbony, Stone, Pupm, 
Hutin, le Blanc, and Ruhmer, but their work did not 
materialize into a practical solution of the problem. 
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In a very able paper entitled ''The Practical Aspects 
of the Propagation of High-Frequency Electric Waves 
Along Wires/' published in the Journal of the Franklin 
Institute, October, 1912, Dr. John Stone, who was 
himself interested in the solution of this problem at 
a previous time, and who was thoroughly familiar 
with the history of the art, makes the following state¬ 
ment: 

A new art has been born to iis. The infant art of high-frecLuenoy 
multiplex telephony and telegraphy is the latest addition to 
a brood of young electric arts. It is certainly a most promising 
youngster, and should, after the manner of its kind, call lustily 
for its share of attention and sustenance. 

More than 20 years ago, the advent of this new art was 
delinitely prophesied by the late J. W. Gibbony, the author, 
in this country, and in France by the well known electrical 
engineers, Maurice Hutin and Maurice le Blanc. Though there 
was at that time a vigorous contest for priority which extended 
over a period of years, it is not with these earlier efforts, pro¬ 
phetic though they were, that we have to deal now. They are 
buried in the archives of the United States Patent Ofiiee. Our 
interest today is in the vital, practical aspects of the new art, 
based upon the propagation of high-frequency electric waves 
along wires, and though 20 years ago there seemed to be much 
promise of the new art, there were indeed surprisingly few 
practical aspects to the subject. 

Let us consider for a moment what are the essential 
elements in this system. Briefly, the use of alternating 
currents or electric waves of relatively high frequencies, 
means for modulating high-frequency currents at the 
transmitting end, selective tuning at both ends of the 
line, separating the messages of different frequencies 
at the receiving end, and suitable means for rectifying 
and detecting the signals at the receiving end. These 
are the basic elements necessary and sufficient for the 
successful operation of the system, all of which' I have 
made use of in my original experiments as described 
in my paper published by the War Department as 
Government Document No. 390 and reprinted in the 
Transactions of the American Institute of Electrical 
Engineers of 1911, and disclosed in my original United 
States patents issued to me on January 3, 1911. 

It is not my intention to minimize the importance 
of the contributions to the development of this art 
by the Bell engineers. I yield my place to no one m 
my admiration of the engineering skill of this able 
group of telephone engineers, but, after all, their work 
as embodied in this paper represents only modifications 
and improvements, very valuable and important to 
be sure, but, nevertheless, not basic. , . , ^ ,, 

The two elements in the systein for which the credit 
is apparently due to the Bell engineers, and which are 
emphasized and elaborated on in this paper, are the 
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repeater and the wave filter; and the repeater, of 
course, is a development of the De Forest audion. 
To be sure, with the aid of the repeater, greater trans¬ 
mission efficiency is obtained, less power is required, 
but it is not indispensable. The statement made in the 
paper that for a circuit 750 miles long, 50 kw. input 
would be required if no repeaters were used, seems to 
me to be exaggerated. Calculations made by the 
Signal Corps engineers would indicate that only a few 
watts would suffice, and this is further supported by 
results obtained in experimental tests carried on by the 
engineering staff of the Signal Corps laboratories, 
employing considerable range of frequencies and various 
distances up to about 250 miles. The fact is that we 
have used this system successfully for telephonic and 
telegraphic communications over distances up to 200 
miles without the aid of repeaters. So, while the 
repeater is a valuable adjunct in the perfection of the 
system, it is not indispensable. 

Similarly, in the matter of wave filters on which great 
stress is laid in the paper, the development of this 
device is certainly a remarkable engineering _ achieve¬ 
ment, and Dr. Campbell deserves great credit for his 
work in perfecting this device, but in connection with 
this system it is only an adjunct, a very useful and 
valuable one, to be sure. With the aid of wpe 
filters, band tuning is obtained, which makes it possible 
to isolate more effectively each individual message, and 
thereby utilize more channels within a given range of 
frequencies. This, of course, is very important, but 
again it is not basic. For some reason, the American 
Telephone and Telegraph Company engineers have 
apparently adopted 30,000 cycles as the upper fre¬ 
quency limit for telephonic transmission—why not 
extend that limit so that a larger range of frequencies 
may be employed to operate on, which will offer the 
opportunity for wider frequency separation between 
different channels, and thus make the system, if 
necessary, independent of the use of wave filters. We 
have already employed in the Signal Corps laboratories 
frequencies up to 600,000 cycles, and obtamed good 
results over considerable distances. The choice ot 
30,000 cycles as the upper_ limit seems to me purely 
arbitrary, without any engineering justification for it. 

The point I desire to emphasize is that while the 
A. T. & T. engineers have, as usual, accomplished a 
great deal in the matter of development, improvements, 
refinements in practical details, etc., the basic principles 
employed in the system are absolutely the same as 
described in my paper and disclosed in my patents. 
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In tracing the history of the art, I notice that the 
authors of the paper go back to the work of Gray and 
Bell in 1867. Why not go back to 1837, the date of 
Morse? After all, he was the first one to transmit 
intelligence by electrical means over a wire, and the 
wire is an essential element in my system, as well as 
in the older system of telephony and telegraphy. In 
tracing the history of any art, one can always find 
anticipation in a certain way, records of men of vision 
and intuition who suggested or hinted at this, that, 
or the other possibility, and sometimes there is a 
difference of several generations between the man who 
&st proposed a certain idea, and the man who realized 
it, practically. 

In a lesser degree, this is generally true in almost 
every art of importance, and certainly the art of multi¬ 
plex telephony and telegraphy is no exception. Many 
people have attempted to solve this problem, many 
schemes were proposed, but apparently there was 
always lacking some fundamental element or elements 
in the proposed methods which made it impossible 
of practical realization. In my invention I have not 
introduced any new elements in the sense of new 
devices or new apparatus, but have taken advantage 
of the development of the radio art, and combined it 
with the older wire telephone art, and thus realized, I 
believe, for the first time, the successful operation of 
multiplex telephony. In my original paper above 
referred to, I have made the following statement: 

It should be noted that throughout these experiments not a 
single piece of new apparatus was designed or constructed, but 
the conventional, apparatus as now employed in wireless tele¬ 
graph engineering was adopted as a whole, although, as stated 
above, this apparatus could be very materially improved in the 
line of compactness of design for this range of frequencies. 

_ I believe, therefore, that I am justified in my asser¬ 
tion that my original disclosure showed for the first 
time a combination in which were introduced all the 
elements essential for the successful operation of the 
system, and in addition, actual tests were carried out 
at that time in the Signal Corps laboratories which 
fully demonstrated the practical operation of the 
system. 

I may call attention here to another advantage in 
connection with this system which is of considerable 
importance, and that is the elimination of inductive 
interferences from nearby power transmission lines, 
which has been the source of a great deal of annoyance 
and litigation in connection with the older system of 
telephony. And not only that, but it is possible to 
utilize the same line simultaneously for power trans- 
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mission and telephonic communication. In fact, 
extensive tests of this phase of the subject have been 
conducted in Japan and Germany, and it was found 
to be entirely feasible. At the present time, regular 
telephonic communication is being carried on from 
Golpa to Rummerlsburg, a distance of 84 miles over a 
110,000-volt power line circuit. 

The fact that frequencies of several hundred thousand 
cycles per second are now successfully superimposed 
upon high-tension power lines immediately suggests 
the advisability of adding to your Committee on Tele¬ 
phony and Telegraphy of this Institute some engineers 
representing the power transmission field to consider 
the problems common to these two branches of engi¬ 
neering which were heretofore considered separate and 


distinct * 

Tesla suggested many years ago the possibility 
of transmission of power by radio means and recenuy 
this subject has also been treated prophetically by 
Dr. Emil Mayer of the faculty of the University of 
Strasbourg, in which he suggested a modification of the 
Tesla method by guiding the high-frequency currents 
to their destination by transmission lines, essentially 
in the manner which I have adopted for telephonic 
and telegraphic transmission. I have always regarded 
the principles embodied in my system of line radio as 
offering great possibilities in connection with long 

distance power transmission. _ 

In the original experiments in 1910 a number of 
circuits were successfully employed which so l^^as 
known have never been used as yet in practise. I hey 
are fully described in official laboratory note books 
which are on file in the archives of the Signal oorps. 

I am constrained to address a word of encourap- 
ment to the young engineers present. I surmise t a 
the general impression you will carry away from this 
meeting after reading the Colpitts and Blackwell paper, 
will likely be one of bewilderment at the complexity of 
the subject and how much has already been accorn- 

plished in this new field.' But do not fJ 
to your attention that this whole paper from beginni g 
to OTd is concerned only with the very smal^range of 
frequencies from zero to 30,000 cycles, whereas we 
using in the Signal Corps every day efficient apparatus 
h? th™ radio art involving frequencies as high as 
4,000,000 per second, and in line radio frequencies up 

to 600.000 cycles per second. ^ 

You will see, therefore, that the whole subject^of 

this splendid paper is whfch fs 

of 1 por cont of the practical radio spectrum wiiicn is 
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now in daily use, leaving 99.3 per cent still untouched 
lor your consideration. 

In other words, do not imagine that because this 
paper is limited to 30,000 as a maximum, that the rest 
of the range of frequencies is not equally important for 
luture development. In fact, you will notice that 
the paper nowhere says that it is not; nor indeed do 
the Bell _ engineers take such a position, but I feel 
justified in calling your attention to it here. 

The fact is that electric waves guided by conductors 
are destined in the near future to find a tremendous 
application, and will play an important part in the 
future in the development of various branches of 
engineering, entirely independent of telephony and 
telegraphy. Naturally the lower frequencies are better 
adapted for long distances, reserving the higher fre¬ 
quencies for shorter distances, precisely in the same 
manner as in radio communication today. The time 
will surely come when the allocation of frequencies 
or wave lengths throughout the entire spectrum for 
wire systems will have the same importance that it 
now has in space telephony and telegraphy throughout 
the world. 

_ Arthur E. Kennelly: It is shown in the paper that 
it becomes feasible upon one pair of wires working 
up to 30,000 cycles per second, to employ 24 different 
channels, of which only a few are telephonic and the 
rest are telegraphic. That is, nearly one channel to 
every thousand cycles per second. The sketch shows 
that is only 7/10th of one per cent of the total range, 
so we are left to imagine what the full 100 per cent may 
be capable of doing in their respective fields, and it 
IS very interesting to observe that this paper suggests 
the discarding of .duplex for all multiple work in the 
sense we have ordinarily understood it. Heretofore, 
every multiple circuit, every circuit on which we 
endeavor to secure the greatest number of messages, 
has been duplexed as a matter of course, and may even 
be quadruplexed, but now it is suggested that it may 
be advisable to drop the duplex plan by reason of an 
embarrassment of riches. It is interesting to see, 
nevertheless, that the duplex principle is still employed, 
being embodied in the plan of simultaneous receiving 
and sending over thewire. That is, the duplex principle 
is_ availed of for ordinary single service, and is then 
discarded for the continuous transmission of messages 
in opposite directions simultaneously. 

It is also very interesting to see how much wider 
the channels in the ether are for the telephone than 
for the telegraph. It is probably well worth while, 
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but whereas a relatively very wide swath is necessary 
for the telephone, the telegraph channel takes only a 
little space. The telephone comes high, but we must 
have it. 

Another very interesting feature is the delicacy of 
the balances suggested all the way through, as, for 
example, in Fig. 35 where you see the delicate balances 
as carefully represented and highly developed, although 
the duplex, as such, is not involved. It is very inter¬ 
esting to notice how a line becornes not merely a 
carrier in the sense that General Squier says is so over¬ 
burdened—the carrier is a very overburdened word 
just now—but also becomes a transformer. In Fig. 
28 you see that the curve of attenuation length versus 
frequency develops a hump due to transformer action. 
The line was acting as the primary of a transformer 
working into other lines as secondary circuits, whereas 
a line properly installed should have no transformer 
included. ^ It should confine its attention entirely to 
its own circuit, and not try to develop current in 
neighboring lines. 

It is evident that one pair of wires in the future may 
serve for a dozen pairs at the present, with ordinary 
simplex telegraph communication, but it is also evident 
that the type of wire chief who will be necessary, in 
order to maintain such a multiple system as is suggested 
in Fig. 25, will be a different wire chief from the one 
that would ordinarily be necessary at present, in order 
to operate simple simplex circuits. 

Moreover, the paper suggests that, in time, the 
telegraph will be driven off the earth. The telephone 
long ago gave up the unequal task of keeping on the 
earth, and was obliged to double its wires and use a 
return conductor. The telegraph ^ has heM on, and 
no doubt in sparsely settled districts, it is likely to 
cling with its roots to the ground for a long time; but 
in more densely populated districts, where wires be¬ 
come nuisances, and where any such system as the 
paper suggests is put into effect, it will probably become 
necessary to get off the earth, and to operate wires in 
carefully balanced and transposed return-conductor 
pairs. Thus, the duplex, you see, foreshadows its 
end, and the ground-return circuit also foreshadows 
its end, in the possibilities that a more complete devel¬ 
opment of electrical engineering offers in the future. 

Donald Me Nicol: On page 216 of the paper by 
Messrs. Colpitts and Blackwell, it is stated that^ the 
thermionic tube was originally invented by Mr. Edison. 
I thought that written history had been corrected to 
show that Prof. Buff of Giessen University in 1852 or 
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1853 made the first recorded discoveries along this 
line. Also in the historical review I see no mention 
made of the Raymond Barker multitone system of 1907 
utilizing the Cardew vibrator method and tape recorder 
reception. It seems to me that these should have had 
mention in the historical part of the paper. 

E. C. Keenan: The New York Central Telegraph 
and telephone communication system, described by 
Mr. Rhoads in his paper was developed to keep pace 
with the demands of the railroad in properly handling 
its business. We endeavor to keep the communication 
facilities up to and a little in advance of the general 
traffic. Our long distance and telephone dispatching 
circuits, we believe, employ the best up-to-date equip¬ 
ment and arrangements. The success that we have 
achieved in this work was due, in a great measure, 
to the assistance we obtained from electrical engineers. 

H. W. Drake: Mr. Rhoads states on page 339: 
''Both theory and practise indicate that 30 to 35-ohm 
relays or main line sounders are more desirable than 
100 to 150-ohm ones, for iron wire way-station telegraph 
circuits, whether single wire or simplex.'' I am afraid 
that some • of us would fail to agree with Mr. Rhoads 
in that statement. The question as to where to draw 
the line between low resistance and high resistance 
instruments on such circuits is one that telegraph engi¬ 
neers have struggled with for many years, and I feel 
sure that a further consideration of the matter will 
convince almost anyone that there are many way 
circuits having a small enough number of stations to 
fully justify the use of the 100 to 150-ohm instruments 
which have been standard for so long. One of the 
advantages of the high resistance instruments is the 
fact that a smaller operating current may be used. 
In many cases the way-station circuits are of such 
length that to provide the potentials necessary for 
higher operating currents, at terminals which are 
sometimes far from commercial power sources, is 
an expensive and difficult problem. 

Mr. Rhoads' remarks in regard to the functions of 
the 5-U retardation coil, so commonly used in duplex 
and to a lesser extent in quadruplex circuits, are very 
interesting; but there again I think there will be some 
question as to whether the statement that the 5-U 
retardation coil functions primarily as an autotrans¬ 
former, will receive full acceptance. Of course, that 
question, like a great many others, may simmer itself 
down into one of definitions. I suppose any retarda¬ 
tion coil must function, to some extent, as an auto- 
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transformer, but regarding the term ''function primarily 
as an autotransformer’' I am doubtful. 

The plan of the self-balancing duplex mentioned is 
an ingenious one, that may find application where the 
attendants during certain hours of the day or perhaps 
on Sundays, are of such a character that real balancing 
by means of an artificial line is out of the question. 
That condition, I am quite sure, will be met with more 
frequently in very small railroad stations than in the 
ordinary commercial repeater offices, and I think, on 
the whole, the trend of the paper indicates that the 
growth in the activities of the railroad telegraph and 
telephone departments will gradually wipe out a 
condition of that kind.^ It does seem, as Mr. Rhoads 
says, an extravagance in the use of wire to take two 
wires in order to obtain a duplex, but there are occasion¬ 
ally peculiar conditions where that may be practicable. 

There is one thing in which I think probably most 
engineers will agree with me, and that is, that one of 
the outstanding features of both the papers presented 
this afternoon is the testimony they bear to the achieve¬ 
ments of the modern engineering research and develop¬ 
ment organizations. The practical application to the 
A. T. & T. lines of the composite and simplex methods 
of simultaneous telegraphy and telephony, mentioned 
in Mr. Rhoads’ paper, was one of the remarkable 
accomplishments of the engineers who, 26 or 30 years 
ago, formed the nucleus of the present engineering and 
research organization of the Bell system^ The methods 
used in the development of the earlier schemes for 
multiple use of wires, were undoubtedly similar to, 
although on a smaller scale than, those oi the past 
few years, which have resulted in the earner client 
system described by Messrs. Colpitts and Blackwell. 
In a smaller way, the telegraph and railroad companies, 
as amply illustrated by Mr. Rhoads’ paper, are follow¬ 
ing these same methods, and I assume the same^ is 
true of other lines of communication activity outside 

of the railroads. , , . 

John L. Niesse: Mr. Rhoads’ paper ^yes a 
statement of the size of the New York Central Lines 
telegraph and telephone plant. It might be investing 
to add that the telephone bill of the New York Central 
Lines for rented service and operation thereof, is 
probably one of the largest of any single individual 
consumer in the country, being nearly a million 

The small metal box type of construction for w- 
station installations described and illustrated in Fig. 
8 b is now being used exclusively on the Big Four 
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Railway for its way station service. We have been 
experimenting with this type of construction and have 
reduced it to a unit basis, so that the equipment is 
wired complete in the shops by men who soon become 
expert in the work, and is arranged in such a manner 
that it can^ be shipped out and connected up in the 
field at minimum expense for installation. 

In regard to the traffic studies ^ and the method 
of numbering messages, the practise of taking one 
number for each three lines or less, and one number for 
each additional three lines has been modified in the 
last fortnight, and the New York Central Lines have 
now adopted the method suggested by Mr. Rhoads in 
connection with Table II, that is, the taking of one 
number for each message, one number for each addi¬ 
tional address, and in case of long reports, of which 
there are quite a number on the railroads, one number 
for each station concerned in the report. This simpli¬ 
fies the method of counting, eliminates the practise of 

padding^' which we found had been indulged in, and 
also, I feel, gives a much more accurate check. 

There are some additional advantages of the low 
^sistance type of simplex not mentioned by Mr. Rhoads. 
By eliminating the connection of the ringing machine 
from the line, the possibility of crossing up the tele¬ 
graph circuits through the ringing machine in case 
of simultaneous ringing, is prevented; the machines 
may be consolidated into one, and individual motor 
generators eliminated entirely,—the ringing current 
being taken directly from^ the power supply, if it is 
of the proper voltage and in the proper direction. 

The low resistance type of simplex also greatly 
lessens the noise on the phantoms. We have quite 
a few phantoms, and the cross fire from the Morse 
has been lessened by this type, due chiefly to the 
decreased voltage it is possible to use on the Morse. 

I think it may be of interest to mention a case of 
Rouble that we recently experienced at Beliefontaine, 
Uhio. This place is the terminal of two phantoms 
rae from Cleveland and the other from Indianapolis! 
i here are four Morse circuits operated on the composite 
principle, two from each direction. One of the Morse 
circuits, from each direction, is connected through as 
an intermediate composite at Bellefontaine, the other 
two are operated as terminal sets. Shortly after the 
service was put into effect, we noticed there was con¬ 
siderable noise on the phantoms, both east and west 
and on investigation we found it was due to the 2 mf’ 
condensers to ground we used on the Morse leg of the 
composite circuit at the intermediate station. By 
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increasing the capacity to 7 mf. practically all of the 
noise was eliminated. 

Another ad vantage of the low resistance type simplex 
method of operation is that it gives an emergency 
source of battery where the 220-volt three-wire d-c. 
grounded circuit is in use, as 110 volts is ample to 
operate any Morse circuit of the low resistance type, 
and the two sides of the 220-volt circuit will give the 
necessary polarity for working the duplex. 

Mention is made of the oxy-acetylene welding. The 
circuit referred to on the Big Four was welded by 
means of the oxy-hydrogen blow torch. The oxy- 
acetylene is a much hotter flame, and I think the 
oxy-hydrogen is the preferable type of torch, because 
the possibility of burning the wires is not as great as 
with the oxy-acetylene. 

The circuit was an old No. 8 B. W. G. iron telephone 
circuit, 140 miles long, having approximately 3900 
joints. They were^ welded and after the welding the 
increase in transmission more than came up to our 
expectations. I should assume it was a 50 per cent 
improvement. Before welding the service was un¬ 
satisfactory from the P. B. X. telephones, but after¬ 
wards satisfactory service was obtained. 

The fact that the 5-U retardation coil is a trans¬ 
former is rather interesting. As far as I know, it has 
never been described before. It seems strange that 
the old view should have persisted so long unchallenged, 
and no one should have arrived at the correct solution. 
From a study of the oscillogram there seems to be no 
doubt it does function primarily as an auto-transformer. 

R. D. Duncan, Jr. (by letter): The problem as 
presented to the Signal Corps engineers was not that 
of developing elaborate plant equipment or of estab¬ 
lishing communication over very long lengths of line, 
but rather of studying and investigating the possi¬ 
bilities of adapting and converting certain of the strictly 
radio equipments to wire radio or carrier operation. 
In addition, it was necessary that foundational in¬ 
formation be secured on the high-frequency properties 
of the telephone lines which could serve as a basis for 
the design and development of new equipment it 
such should be required. Furthermore, for military 
purposes, the wire radio equipment, in general, must 
operate on telephone lines which may not be tampered 
with, in fact, operate secretly in some instaimes, and 
hence the lines must necessarily be accepted in the 
condition in which they are found and in which th^Y 
normally operate, viz., with intermediate^ connected 
apparatus, lengths of cable, normal transposition, etc. 
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From the standpoint of unification of types of 
apparatus (radio apparatus demanding small antenna 
capacities with consequent use of short wave lengths 
or high frequencies), training of personnel and for other 
reasons, what has been termed by the authors, the 
“carrier” frequency range, was restricted to the higher 
end of the radio spectrum. 

The results which have been obtained at the high 
or radio frequencies have been entirely satisfactory 
and_ when considered in the proper light are not at 
all inconsistent with what is predicted by theoretical 
or experimental evidence. In_ this respect it is agreed 
with the authors that there is apparently no logical 
basis for the belief that a pair of telephone lines or 
one line with ground return should, at high frequencies, 
behave in a manner different from that predicted by 
low-frequency theory, provided that proper account is 
taken of all of the phenomena involved. 

Accepting as correct, the standard wire transmission 
theory when extended to high frequencies, it is quite 
easy to show that results as predicted by theory are 
entirely in accord with those experimentally obtained. 
By further consideration of standard radio transmission 
theory, a logical basis of comparison, the two methods 
of communication are easily arrived at, from which 
their respective merits may be judged. 

The transmission of speech over a pair of No. 9 
A. W. G. copper wires, spaced 15 in., 100 miles in length, 
employing a frequency of 500,000 cycles per second 
wave length 600 meters), is considered for purpose of 
illustration. The constants, at the frequency in 
question, per loop mile of this circuit are very closely 
as follows: 

Inductance—3.61 X lO-^ henrys; Capacity—0.802 
X 10-s farads; Resistance—74 ohms (including radia¬ 
tion) ; Leakage and Conductance—100 X 10^® mhs. 

The values of inductance and resistance given were 
computed, taking the “skin effect” into account. 
The leakage conductance at 500,000 cycles per second 
was assumed to be 2000 times that occurring at direct 
current, for which latter figure that given by the 
authors was assumed, viz., 0.05 X 10-® mhos per loop 
mile. The factor 2000, it is believed, sufficiently 
allows for the increase in leakage over that occurring 
at direct current. The attenuation constant may be 
computed from the expression. 



Substitution of the numerical values given for R, L, C 
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and G, gives for the attenuation constant a value of 
0 0886 ner mile. The attenuation for a circuit 100 
miles in length is _ therefore equal to e-' = 

= 0.000140 (approximately). Elsewhere* it has been 
shown that the effective input impedance and resist¬ 
ance of such a pair of lines, at the frequency m 
QiiGstion, is GQual approxiniatGly to 350 ohms 12 
ohms respectively. Assuming a value of transmitting 
current equal to 0.10 amperes, the voltage impressed 
at the line terminals and the power input are respec¬ 
tively 35 volts and 0.72 watts. _ The voltage effective 
at the receiving terminus, 100 miles distance, neglecffmg 
the attenuating effect of the load is therefore, 0.0049 
volts (35 X This voltage acting upon a tuned 

receiving circuit of 50 ohms resistance develops a 

power therein of or 480 X lO-^ watts. 


From experiment'^ it has been determined by 
Dr. L. W. Austin that an average antenna power of 
2 X 10-1® watts is required for the production of a, 
signal of unit audibility with the three electrode vacuum 
tube detector, self heterodyning and without ampli¬ 
fication' it was further determined that the sensitive¬ 
ness of this type of detector in the self heterodyne and 
in the pure rectifying conditions is approximately m 
the ratio of from 600 to 1000 to unity. On the-basis 
of the latter figure, it may be easily sjown that the 
antenna power necessary for the production of a sipal 
of unit audibility, when not heterodyning and ^thout 

radio or audio frequency Jp 

4 5 X 10-3 watts. Comparison of this figure with tnat 

of 480 X 10-3 v?atts as computed for the case of wire 
radio communication shows that 

for signal production is 100 times that r^oired.^ This 
conclusion was corroborated by expenme t, 

100 mile length of line, with the trai^“VSv!Xaiahtv 
and current as stated, a very good ^ 

of telephonic communication was obtained with a mam 
frequency of 500,000 cycles per second, without the use 

""^M^ifadS ot' carrier current communication may be 

coSSS with r'adio “rriiftethadl o 

basis of attenuation. In.^both methods of ener^ 

traTi<?mission the transmitted current _ 

.. eii"iPTmafed as it proceeds from the 

magnetic field is attenuatea as ib „i*pnua- 

trammittins source. In the mre system, me attenua 
S may bf computed from the well know expression; 

i:Tournal Franklin^ If 

9. Proc. I. R. E. Vol. 5, p. 239, August, lyi/. 
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m the radio system the attenuation may also be com- 
putea, probably not with the same accuracy however, 
trom the semi-empirical Austin-Cohen expression. 

Aside from consideration of fitting new to old and 
existing equipment, values of attenuation so determined 
serve as a basis for a study and comparison of the 
relative advantages of the two systems. Under some 
conditions the wire attenuation may be less than the 
radio attenuation and under others the reverse will be 
true. The two basic expressions are as follows: 

r ' 

For the wire system: 

1 X 

For the radio system.*'*^ 


■R 


0.234 At Ar 


L 


R . \ .1 


where in the subscripts R and T stand respectively for 
recming 3Xid transmitting, a, the attenuation per 
mile of the conductor system, I, the distance in miles, 

ftx and Ar the effective heights of the transmitting and 

receiving radio antennas in meters, R, the resistance 
_ I the receiving antenna system and X the wave length 
in meters. In the second expression the absorption 
lactor has been omitted since for short distances it is 
ve^ nearly equal to unity. 

Tinr-tlwifK^' equipment, because of demands of 

Arnni^^^ ^ 4 ^’ antennas of relatively small heights are 
^ployed. It IS here assumed that At = Ar = 6.10 

~ ohms; X = 600 meters and I = 100 

6 nnnhm^Qo attenuation therefore equals 

nf 0 0 OO 1 fn’ comparison to the wire attenuation 
or 0.000140, as previously determined, for the same 

rent will be 70 times the radio received current. 

nart of 1 ^^i^g the latter 
part of 1920 the Signal Corps conducted a series of wire 

radio experiments on a submarine telephone cable 

threSa”np?nf Island, Virginia, at 

the entra,nce of the Chesapeake Bay. The freouencieq 

Sf J'i P« second up- 

avflilflhlA ^^^1-^.^pincal information which was 
^nn am^ n. ^ estimated that at a frequency of 

®^^ond the attenuation constant per 

The*attPTin«HnW^ was 78,000 feet or 23.8 kilometers, 
he attenuation for this cable length is therefore 

or approximately 0.2 X 10 - 0 . Needless to say tele- 

phone s ignals were not received over the cable at this 

3. Dellinger, Trans. A. I. E. E., 1919, p. 1347. 
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frequency. For this same distance the radio attenua¬ 
tion, with the same antenna heights as previously 
given, would be 13180 X 10"^“ or approximately 

1 

WO Ob X 10^ times as great. It is easily shown that 

the amount of power received via radio over this 
distance is sufficient to produce a readible signal. 

By further use of this information on the attenuation 
values, with increasing frequency it was possible to 
predict, with fair accuracy, the frequency at which 
signals would be lost, or for a given frequency the 
number of stages of audio frequency amplification 
required for the production of a readible signal. 

These various facts bearing upon the power received 
at high frequencies and upon a comparative basis of 
wire radio and radio systems have been emphasized 
as it is believed that they have not been sufficiently 
recognized and considered previously. At least the 
records of the art so indicate this. 

Louis Cohen (by letter): It would add greatly 
to the value of the paper if it could be supplemented 
by more detailed data and calculations of the many 
problems, connected with the transmission of high- 
frequency currents over wires, which have been touched 
upon in this paper. It is stated, for instance, that 
without the use of relays it would require 50 kw. to 
communicate over a distance of 750 miles. I am sure 
engineers would be interested to know how this value 
of the power required has been arrived at. A computa¬ 
tion that I have made would indicate that not even a 
fraction of 1 per cent of that power is necessary. 

By the ordinary transmission formulas, we have 

E { 7 

g-zi ip y e'ji ’ 


__ I ^qil —x), _ 'Y 6 I 

j. Z ____ 

“ -j- y * 

where E is the impressed electromotive force at the 
transmitting end, 

Zo-Z 

- Zo + Z ’ 

Za is the receiving impedance, Z is the surge impedance 
or line characteristic, and q is the line propagation 
constant. 
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For the transmitting end 


E 


y. 




^Ql y ^~Ql 

For the receiving end 

__ jF (1 -4“ 'y) 


y. 


^qI y ^~ql * 


I = E(l-y) 

"" Z (e®^ + y e~®) ' 

Taking the values of the constants for a No. 8 B. W. G. 
open-wire circuit as given in the paper; attenuation 
constant per mile a — 0.014, Z = 600 ohms, for a 
line 750 miles long a I = 10.5 and e®' is therefore 
very small in comparison with e«', we have therefore 
approximately 
V, =E 
It = E/Z 
y, = E (t + 7) 

r E,, 

Ir = (1 - 7) 

Since Z the line impedance is practically a pure re¬ 
sistance, Vt and It are in phase and the power input at 
the transmitting end is 

Pt =Vtit=^ Eyz. 

The power delivered at the receiving end is 

Pr = Ir' Zo, 

- ■-~Z,{1- yYe-^4 , 

z {Zo + zy ^ ’ 

and 



(Zq zy 

4Zo^ 


^2ql 


Assume that the receiving apparatus is tuned to the 


carrier frequency and acts therefore as a resistance for 
which a value of 50 ohms is assumed, the values of 
the constants in the above equation are as follows; 

{Zo + zy 


4Za^ 


42.2, = e2‘ = 13.2 X 10 


8 


and 
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P, 

Pr 


= 13.2 X 42.2 X 10* = 5.6 X IQi". 


For an input power of 1 watt the received energy would 
be about 2 X 10-i“ watts. Now it is known that the 
power required to produce a signal of unit audibility 
with a three electrode vacuum tube detector without 
heterodyning and without any amplification is about 
5 X 10“** watts, with suitable amplification a great 
deal less power is required. It would follow, therefore, 
that a few watts input should be more than ample to 
signal over a line 750 miles long. 

It is true that in the above calculations a uniform 
open wire circuit is assumed and no account is taken 
of the larger losses that occur in the short cable sections 
that must unavoidably be used in a circuit of this 
kind Nevertheless the difference in power required 
Sween 50 kw. as given by the authors and only a 
few watts as indicated by calculations is so marked 
that some additional information in regard to the data 
and method used by the authors would be of the greai^t 
interest and appreciated by engineers engaged in the 
investigation of similar problems. 

Wm. Maver, Jr. (submitted after adpurnment). 
I must take the opportunity to express high appreci¬ 
ation of Mr. Rhoads’ valuable paper, which I am 
sure will be of much utility, especially to telephone 


and telegraph engineers. j, . j-i, + 

The paper touches on so many features that one 

must perforce limit himself to those which most in¬ 
terest him, which, in my case, are certain of the sec- - 
tions relating to telegraphy. Mr. Rhoads states 
that he has found the studies and analyses described 
in his paper very absorbing. From iny own experi¬ 
ence, I can duplicate his remarks, since over thirty 
years ago I devoted much time to an analysis of the 
various changes occurring in the operation ^of the du¬ 
plex and quadruplex systems, many of .the results 
of which I have recorded in my writings. _ Mr. Rhoads 
apparently preferred the oscillograph m his inves¬ 
tigations, and of which he has made excellent use. I 
had to be content with the aid of diagrams, which, 
however, I certainly found very useful. It ® 

this relation, be of interest to state that after devotmg 
several months to these analyses, I found I 
to call up in my mind and to analyze the action taking 
piact in the circuits under almost any given condition 
CTen without graphics, somevdiat anatogoi^ty, as I 
h^ve heard that some tram despatchers .can see m 
tLir mind’s eye every train in their division and its 
place on the main tracks and on sidings. 
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In my comments on Mr. Rhoads paper, if I should 
in one or two instances appear to express different 
views from those of the paper, it will be solely in the 
interest of what appears to me the further promotion 
of fuller knowledge of the telegraphic art, which the 
author laudably mentions as one of the objects of his 
paper. Mr. Rhoads further mentions in his opening 
rem^ks that a difficulty confronting the engineer in 
the investigation of a problem is to learn the state of 
the art in relation to the particular problem in hand, 



and that the information presented by him is intended 
to ameliorate that difficulty. To the sam^end I 
^all endepor here and there to supplement Mr. 
Rhoads information on certain points. 

Mr. Rhoads states that one of the factors detrimental 
to good quadruplex results and also to polar duplex 
working is the tendency for the polar relay to write 
heavy when the home polar key is closed and light 
when It IS open, caused by the distant pole changer 
armature travel being too great, or its speed of travel 



d!tion^TbflW^[‘ an analysis of the con- 

and ^uSimW fill® practical experience with duplex 
b I have never observed the 

light and heavy writing to which Mr. Rhoads refers 
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I am quite sure that it did not exist prior to 1890 in 
commercial telegraphy. I do not, however, gainsay 
Mr. Rhoads’ statement, because there must be reason 
therefore. In his analysis, Mr. Rhoads assumes, 
among other conditions, that during the time the 
distant pole changer is between contacts the amounts 
of current on the main line is negligible, and draws 
therefrom certain conclusions. A different analysis 
of the same subject may show that this is not neces¬ 
sarily so. Thus, assume the case of a differential 
polar duplex without other line apparatus than is 
outlined in Figs. 1, 2, 3; let XY represent the home 
and distant station; M L and A L the main line and 
artificial line, respectively; PR, PR', the home and 
distant polar relay, and P C, P C, the home and dis¬ 
tant pole changers. In Fig. 1, assume both pole 
changers to be closed, putting negative batteries to 
line at both stations. Assuming a well insulated 



line, there will then be_ no current on the line. But 
a current of, say, 50 milliamperes, to conforni to Mr. 
Rhoads figures, from the home and distant batterp 
magnetizes the-respective polar relays at each station by 
current through the artificial line coils. Of course, we are 
dealing ultimately with the magnetizing effects on the 
cores of the relays. Assume that in Fig. 2 the pole changer 
at Y now opens, disconnecting the negative battery, 
and is in transit between contacts a definite Iragth of 
time. During this time, according to Mr. Rhoads, 
the home battery and the stored energy of the line 
will be the only forces acting and that they are slight 
or negligible. It is however, to be noted m hig. 2 
that when the distant pole changer is betw^n con¬ 
tacts the negative current from battery at X under 
the "conditions now assumed, finds a momentary circuit 
to ground at Y through the polar relay coils and the 
artificial line. As this doubles the resistance of the 
line from X, the current will be 25 milliamperes 
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Oh the main line at this instant. This reduces the 
pre-existing magnetic effect in the home polar relay 
P R hj one-half, while the magnetic effect in the dis¬ 
tant polar relay P R' remains as before, inasmuch as 
the 25 milliamperes in each of its coils are magnetizing 
its core to the same polarity. Without the 25 milli¬ 
amperes on the line at this instant the main line would 
still be at practically zero current. The next instant 
the distant pole changer makes contact with the posi¬ 
tive pole, and the current on the line jumps from 25 
milliamperes to 100 milliamperes in positive direction 
from F (see Fig. 3). This is, however, not so important 
as it may seem, because the actual reversal at Y found 
a coinciding current of 25 milliamperes in the line 
which had reduced the magnetizing current in the 
home polar relay from 50 milliamperes, to 25 milliamperes 
this presumably speeding up the reversal in that instru¬ 
ment.’ On the other hand, when the distant pole changer 
IS again opened and is between its contacts the condi¬ 
tions shown in Fig. 2 are reproduced, the previously 
existing 100 milliamperes on the main line are reduced 
to 25 milliamperes and not to zero, this retarding the 
reversal of the home polar relay which reversal is 
completed when the distant pole changer makes contact 

with Its negative pole, reducing the main line current 
to zero. 

^rther investigation of the conditions on the cir- 
cuit, with the home key open and closed, by means 
of diagrams akin to Figs. 1, 2, 3, and assuming as 
before appreciable current on the main line at the 
no contact moment of distant polar key, will, it is 
believed, show that m each case the retarded actions 
mentioned by Mr. Rhoads in the home polar relay 

will me speeded up, while the accelerated actions 
will be retarded. 

Without sa 3 dng that the said accelerating and re- 
tarding actions, here assumed to be due to an appre¬ 
ciable current on the main line at the no contact 
rnoment, may account for the uniform polar relay 
signals in duplex and quadruplex operation of for¬ 
mer pars, it is suggested in explanation of the light 
and heavy writing in the polar relay to which Mr 
Rhoads refers and in which it is assumed that the 
No. 5 U coil IS used, that when the distant pole changer 
is between contpts, that coil, by introducing at that 
instant its 1000 ohms inductive resistance, together 
with the 1200 ohms inductive resistance of the polar 
relay, may act as a choke coil, preventing or diminish¬ 
ing^ the actions described in connection with the figures 

which, as stated, the absence of 

* D u coils IS assumed. Granting the existence 
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of current on main line at the moment when the distant 
pole changer is between contacts, at which time it is 
assumed that current from the home stations flows 
through the coils of the distant relays iti series, it 
seems evident that this current, in the absence of 
the No. 5 U coil, will perform^ in the quadruplex an 
important function in steadying the distant polar 
relay and in keeping the armature of the distant 
neutral relay forward against the pull of its retrac¬ 
tile spring, at the no-contact instant in the distant 
pole changer, when the home transmitter is closed. 

It may be added that if the quadruplex transmitter 
is open at Y it will provide for the home battery at 
X a still shorter path to ground at Y through the 
^leak” of the field Key system, than is provided 
by the distant pole chpger at the moment of no 
contact and perhaps with an improved result, (in 
this relation it may be pointed out that the Haskins 
duplex, U. S. patent 154479-1874 utilized practi¬ 
cally the principle shown in Fig. 2 in its operation 
it having no battery at back contact of^ key, but 
using differentially wound relays and artificial line.) 

In discussing at length the No. 5 U retardation 
coil in the bridge duplex and quadruplex, Mr. 
Rhoads refers to a traditional explanation oi fhe 
operation of this circuit arrangement ^ to the ettect 
that because of the high impedance 9^ 
most all the incoming current rushes into the bndge 
polar relay. The author does not think the explana¬ 
tion goes far enough and he then gives an interesting 
explanation by oscillograms and diagrams 
at the home station of a certain iron wire fi^adruplex 
circuit, 140 miles in length, in which a N<=>: ^ ^ ^mljs 
used. In my own work I have found that a dia^am 
such as shown on page 205, ''American 
gives quite a clear insight into the operation of the 
duplex and quadruplex at any given instant, ana i , 
in the said diagram, the Smith condenser ^ 

by the bridge polar relay, also affords „ 

ascertaining the voltage at, and the direction of cot- 
rent to and through the coils of the bridge polar 
relay, due to home and distant reversal. ^ 

It may not be amiss to note here that the selec¬ 
tion of a single more or less ?ases 

the operation of the quadruplex, as in the jases 

discussed, only represents a minute frac 
multifarious conditions that exist with .^he quad- 
runlex in full operation and employing its 16 key 
combinations, to say nothing _of the mam and mti- 

ficial line static . currents. . Imagine for ^ 

what the various co-ordinations taking place in me 
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circuits and apparatus must be while the distant and 
home pole changer and transmitters are being opened 
and closed and while the main line static and artificial 
line condenser are functioning. That the multifarious 
operations are carried out without a hitch in suc¬ 
cessful quadruplex telegraphy has always seemed 
marvelous to me. Nearly forty years ago it was 
written in a book, ''The Quadruplex,'^ "There are 
many such combinations continually occurring on the 
quadruplex which at first sight will seem to be enough 
to entirely prevent the working of the system, but, 
an analysis of each combination will prove, what is 
known to be the case, that they do'not so prevent." 
I do^ not wonder, therefore, that Mr. Rhoads' remarks 
m his paper read at Cleveland in reference to oscillo¬ 
gram, No. 455 of Fig. 32, that it would be beyond 
expectation at first glance for the relays of a quad- 
mplex to follow such apparently senseless waves. 
The experiments so far made, he adds, encourage the 
belief that it is not impossible, presumably referring 
burden imposed on the^ quadruplex by the No, 
5 U coil, etc. Otherwise, and if the causes that impair 
the operation of the present day quadruplex are not 
removable,^ possibly owing to the great demands for 
wire facilities, the fault need not be paid to the quad¬ 
ruplex system, per for in the nature of things it 
has limitations. Yet in these days of carrier current 
telegraphy and telephony, it may be unwise to arrive 
at hasty conclusions as to those limitations. 

_ On page 360 of his paper Mr. Rhoads states that from 
the evidence gathered in his investigations it is not 
that the current in the polar relay changes 
at any greater rate in the set with the No. 5 U coil 
than in the one with the 500-ohm non-inductive re¬ 
sistance. On page 373 of his paper, also, he gives the 
r^ults of his experiments as shown by oscillograms, 
01 placing separate retardation coils in a quadruplex 
cmcuit, namely, that this had a marked detrimental 
ettect on the operation of the quadruplex. It may be 
of interest to note that in both instances the oscillo¬ 
grams appear to bear out the present writer's experience 
and analyses as described in American Telegraphy, 
page 563 b. 


The author refers to the fluctuations in the line 

P Ffof resistance 
in the distant mam battery of the quadruplex. Person- 

in writing on this subject, 
n^ely, the highly admirable Field Key system, to 
mV ® between the ordinary removal of resistance 
& fhe variation of resistance in that 

Key system which produces a difference of potential 
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at a desired point in the quadruplex circuit; the 
difference, I think, being important. Mr. Rhoads 
does well to emphasize, as he does, the importance, 
of keeping the protective resistance always at 600 ohms 
in the Field Key system. 

Mr. Rhoads shows a neat device in which the 
usual Western Union Telegraph Company’s holding 
relay is displaced by a separate neutral relay in the 
bridge wire of the quadruplex, the armature of which, 
when operated by currents from a bridged condenser 
is designed to open the repeating sounder circuit at 
the moment of no magnetism in the home neutral 
relay, due to distant reversals. Mr. Rhoads terms his 
device, probably for convenience, a holding relay. 
It is rather a local circuit opening device if it acts as 
intended. The present writer’s extensive experience 
with devices of this kind is that it is difficult to insure 
exact co-ordination between them. In describing 
the operation of the Western Union holding relay, Mr. 
Rhoads states that the holding coil gives the armature 
a pull due to the condenser charging current that 
occurs with change of line current. Rather, the chief 
pull is probably due to the discharge current of the 
already charged bridging condenser, since I think it 
will be found that the bridging condenser is always 
charged before the distant reversal for a signal begins. 
This, if so, is fortunate, since in this very interest¬ 
ing operation the holding relay, getting the benefit 
of that discharge at an opportune moment, tends 
to hold the Western Union neutral relay arinature 
forward against the pull of its retractile spring at 
the moment of distant reversal. Likewise’, this dis¬ 
charge current of the condenser attracts the relay 
armature of the Rhoads device at _ an opportune 
time. This condenser curre»t of discharge, how¬ 
ever, probably weakens more rapidly than the pre¬ 
vious magnetizing current in the coils of the home 
neutral relay, and when the moment of no magnet¬ 
ism in that relay arrives, at that instant, if not be¬ 
fore, the zero moment also arrives in the holding 
condenser. Clearly, the retractile spring of the 
armature of the Western Union neutral relay and 
that of the Rhoads de-vice will begin to act before 
the actual moment of no magnetism in the neutral 
relays and zero in the condenser arrives. At this 
time it is probable that the armature of the West¬ 
ern Union neutral relay and that of the Rhoads 
device fall back and rest on their back contacts for 
a brief instant, giving a tendency to a false signal, 
or split dots, in the reading sounder, which the re¬ 
peating sounder should ordinarily prevent. The 
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actual reversal current now begins, gradually mag¬ 
netizing the line neutral relay. Simultaneously the 
holding condenser of the Western Union device 
begins to charge, setting up a current in the hold¬ 
ing relay that tends to attract its armature, thereby 
perhaps giving back some of the energy taken by 
the holding condenser from the main or artificial 
line current. On the other hand, from the moment 
of no magnetism in the neutral relay and the zero 
moment in the condenser of the Rhoads device up 
to complete reversal seemingly no other function is 
performed. If its relay armature is fully attracted 
by the charging current of its condenser it may tend 
to open the local circuit which is then probably 
open also at the armature local contact of the line 
neutral relay. 

A possible disadvantage of the use of devices of 
the foregoing nature is that when the short end ^ of 
the distant battery is to line and when the tension 
on the retractile spring of the home neutral relay 
armature is weak, there may be a tendency, due to 
the charge and discharge current of the holding con¬ 
denser, to open the repeating sounder contacts and 
thereby set up a chatter. All such points were care¬ 
fully studied in connection with extraneous devices 
more than thirty years, ago in quadruplex telegraphy. 
(See ''American Telegraphy,"' page 207.) It is true 
as Mr. Rhoads notes,' that the extended lever ar¬ 
rangement of the neutral relay adds to the inertia of 
the apparatus. ^ To my ear the signals received on 
circuits on which extended lever armatures on the 
neutral relay were employed had a pronounced drag 
as compared with those received on the short lever 
relays. It was axiomatic with the present writer 
not to add to the ^ circuit or apparatus devices that 
did not show a wide margin of advantage. Conse¬ 
quently, in^ my own practise while electrical engineer 
of the Baltimore and Ohio Telegraph Company, 1884- 
1888, I recommended on the quadruplex circuits of 
that company the use of the Edison short-core differen¬ 
tial neutral relay without other devices than the 
Edison repeating sounder bug trap and with very 
successful results throughout. Thus the Boston- 
New York quadruplex circuits worked day in and 
day out like local circuits, while the second side of 
several New York-Chicago quadruplex circuits were 
leased for brokerage business, the exacting nature of 
which is well known. From personal experience, 
also, I may add that the Western Union Telegraph 
Company in the early days of quadruplex telegraphy. 
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1880-1884, did correspondingly well with its systems, 
in which only the short-core neutral relay, the Smith 
condenser arrangement and the Edison repeating 
relay were used. It is proper to say in this relation 
that on the quadruplex circuits then under my super¬ 
vision th^ere was no impedance in the lines except that 
due to the relays, and little or no interference from 
electric light and power circuits. There was, however, 
marked inductive effects from neighboring telegraph 
circuits. 

In view of the great utility and wide employment 
of the combination of the extended lever of the neu¬ 
tral relay, in combination. with the holding relay 
and bridging condenser, especially in commercial 
quadruplex telegraphy, it may not be out of place 
to state here, subject to correction, that the present 
writer was probably the first to suggest the use of 
this combination (see Electrical World, page 228, 
1888), although he, did not deem it necessary to em¬ 
ploy it in his own practise, for reasons given pre¬ 
viously herein, and it did not occur to^ him to at¬ 
tempt to patent the device before describing it. 

Mr. Rhoads states that he employs the Edison re¬ 
peating sounder bug trap with his device and that 
it functions perfectly. Such being the case, it might 
be suggested that the Edison repeating sounder be 
dispensed with, still keeping the neutral relay con¬ 
tact on the back stock, however. By so doing the 
inertia of an intermediate instrument will be dis¬ 
pensed with. It may be of further interest^ to try 
out dispensing with the repeating sounder since, ^ in 
his paper the author adds that a critical examination 
of oscillograms Nos. 543 and 545 shows that the 
holding relay acts very slightly ahead of the neutral 
relay in the standard Western Union quadruplex. 
This result could be anticipated if the first action 
of that relay is due to the discharge current of the 
holding condenser and not to the current of charjge. 
By dispensing with the repeating sounder the action 
would be speeded up to a certain extent and thereby 
perhaps meet the said advanced action of the hold¬ 
ing relay. 

Before leaving this feature of the paper it may 
be worth noting as showing what might indeed almost 
be expected, that Edison had also thought of utilizing 
the transit of a relay armature to prevent the false 
signal in the home neutral relay at the moment of 
distant reversal. Thus, in ^ his U. S. patent No. 
207724, 1878, Edison describes^ a local circuit opening 
device for this purpose, practically as follows: 'The 
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armature of the polarized relay which is in the cir¬ 
cuit of the permanent retractile magnet (a substitute 
for the retractile spring of the neutral relay arrnature) 
being moved by reversals of current on the main line, 
opens the circuit of the retractile magnet momentarily 
and then closes the same, so as to neutralize as far as 
possible the risk of a false signal in the neutral relay 
armature by breaking the circuit of the retractile 
magnet at the instant of reversing the polarity of the 
distant battery/' 

It should be noted here that in a revised paper 
Mr. Rhoads takes cognizance of the successful op¬ 
eration of the quadruplex circuits in the past and the 
absence of the retardation coils, etc., in those circuits 
as the probable explanation. He also expresses sur¬ 
prise that such efficient quadruplex results were 
attained so long before the oscillograph was in¬ 
vented. In answer to this it may be remarked that 
the records will show that the telegraph engineers 
of over a quarter of a century ago did not consider 
that they were altogether in the dark as to what was 
taking place in a quadruplex, even without the aid 
of oscillograms. This is said without questioning 
the admitted value of the oscillograph. On the 
same page of his paper, Mr. Rhoads further remarks 
that ^the investigations of the quadruplex and duplex 
indicate that it is the cumulative effect of little things 
which add up to an appreciable amount and prevent 
satisfactory operation. The battery taps must be 
equal in resistance, etc." On this point it may be 
urbanely remarked in passing that this conclusion 
would probably follow as a result of ordinary obser¬ 
vation. At least, on page 233 of American Tele¬ 
graphy, the present writer, in 1890, wrote: 'To insure 
the successful working of a quadruplex constant , at¬ 
tention to details is essential. One radical defect in a 
quadruplex circuit may be readily traced and eliminated 
but many trifling defects allowed gradually to accu¬ 
mulate, etc." 

In^ other parts of his paper Mr. Rhoads discusses 
terminal resistance unbalance, telegraph transmission 
speeds, etc. In a classical paper presented to the 
American Institute of Electrical Engineers, by F. F. 
Fowle,(June 1911) entitled "Telegraph Transmission," 
these and other kindred subjects are treated at some 
length, and can I suggest be read to advantage in 
connection with Mr. Rhoads' paper by students of 
telegraphy. 

It should have been stated herein that in the early 
days of quadruplex telegraphy in this country con¬ 
tinuity preserving pole changers and transmitters 
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were employed, and a single gravity battery was 
allotted to each circuit, before the advent of the 
dynamo machine. It is quite likely that the con¬ 
tinuity preserving pole changer minimized the inter¬ 
val between reversals. Further, at this instant the 
gravity battery was short-circuited and the main 
line was put to ground at distant station. In this 
case a current of 50 milliamperes from the home 
battery at X would pass through the line coils of distant 
relays almost directly to ground, instead of 25 milli¬ 
amperes as indicated in Fig. 2. This will^ cancel 
the 50 milliamperes flowing in the artificial coil of the 
home relay at X and leave that relay ready for reversal 
the moment contact is made with the distant positive 
battery, thus speeding up the actual reversal in the home 
relay almost as if the relay between reversals of the dis¬ 
tant battery were negligible. Further, after contact with 
distant positive pole has been made and when the 
distant continuity preserving polechanger is again 
short-circuited in starting to place the negative pole 
to line, the previously existing 100 milliamperes on 
the main line is only reduced to . 50 milliamperes 
and not to zero, as assumed in the paper^ under dis¬ 
cussion at the moment of no contact in distant pole- 
changer, this retarding the reversal of the home relay 
virtually until the actual reversal occurs at Y. The 
foregoing conditions assumed to occur in the operation 
of the continuity preserving polechanger, with home 
polechanger closed, and other conditions that follow 
with that polechanger open, appear to obviate still 
further the conditions which Mr. Rhoads,, most likely 
properly assumes, have produced the light and heavy 
writing in the home polar relay operated by the dy¬ 
namo polechanger in the modern quadruplex sys¬ 
tem to which he refers, namely that by delaying the 
start and accelerating the end of a marking signal 
when the home polechanger is open the signal is 
made shorter, which is the reverse of the conditions 
with the home polechanger closed. The analysis 
just made of the conditions assumed to prevail at 
the moment between reversals in the operation of the 
continuity preserving polchangers may also ^ serve 
to further explain the uniformity of signals in the 
polar relay observed in the polar duplex and quad¬ 
ruplex systems of the eighties and early nineties. 

In the section on Polar Relay Speed of Reversals, 
the author remarks that investigation, presumably 
recent, shows that there is no noticeable effect on 
the polar relay due to variations of potential at the 
distant station. It may be noted that this fact was 
well known from the earliest days of the quadru- 
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plex. See “The Quadruplex,” 1888, page 44, in 
which this feature is quite fully discussed. Under 
the caption “Single Morse” in Mr. Rhoads’ paper, 
there is a section on 35-ohm relays in which it is 
recorded that a change from the 150-ohm main line 
Morse relay to 35-ohm relays on the New York Central 
lines has demonstrated that marked improvement 
in the service resulted. It may be of some interest 
to note here that the Association of Railroad Tele¬ 
graph Superintendents had the matter of displacing 
150-ohm Morse relays by 35-ohm relays under discus¬ 
sion in 1896. At the convention of that Association 
m 1899, which the present writer had the pleasure of 
attending, a committee previously appointed to in¬ 
vestigate the subject reported favorably at much 
length. A letter embodied in that report mentioned 
the case of a thirty year old iron wire circuit, 175 
length, with 30-150-ohm relays, measuring 
7500 ohms. The current was supplied by a dynamo 
of 160 volts at Omaha and gravity battery of 170 volts 
at Sioux City. In wet weather this circuit was inop¬ 
erative unless cut in two sections. The substitution 

relays reduced the total resistance to 
4740 ohm, with the result that in the worst weather 
the entu-e circuit was successfully operated. In the 
discussion of the report many of the superintendents' 
present reported successful results from more or less 
similar changes. The chief objection at that time to 
the reaction of line resistance was that it involved 
expenditure for increased current, then mainly supplied 
by ^avity .battery. The most marked improvement 
due to the use of 35-ohm relays noted by the train dis¬ 
patchers was that the character of the signals was 
chang^ from slug^h to sharp signals, a point also 
noted by Mr. Rhoads in his paper. 

In this relation it may be remarked that the effect 
or ■wet weather on poorly insulated wires, operated 
as single Morse circuits, in making it difficult to 
Keep, the relays adjusted, was very well known many 
years ago ^d the cause was also known. In 1890 
or e^lier, P. B. Delany invented a deidce termed 
by him a line adjmter, which under attainable con¬ 
dition automatically opened the line at both ter- 
mmals, thereby opening all the relays on the cir- 

deince is described and illustrated 
p. 150. Apropos of this 

a& ; be made to the Stumm 

added resistance for use in wet weather on duplex 

commercial circuits. 
Ihis device, it is well known, introduces at such 



1921 ] 


DISCUSSION 


411 


times non-inductive^ resistance into the main line 
with remarkable improvement, apparently para¬ 
doxically, in the operation of the circuits. This 
improvement is perhaps due to the lessening of the 
variations of the line resistance caused by changes 
in the line resistance in stormy weather, thus steady¬ 
ing the adjustment of the system. It is understood 
that the Stumm resistance is now a part of the 
equipment of the Western Union rheostats used in 
duplex and quadruplex circuits, since it is also 
found to ^ prevent undue heating. On the other 
hand, it is understood that the Postal Telegraph- 
Cable Company inserts resistance in the main line 
of such circuits in wet weather, by means of switch 
plugs carrying in their handles a desired resistance. 

Stanley Rhoads: Mr. Maver^s excellent book on 
‘'American Telegraphy'" was before me when doing 
the work which formed the basis of my paper and was 
most useful in that work, in giving me the results of 
past experiences along the same lines. ^Alsq Mr. 
Fowle"s paper has been in my possession since it was 
published. The two texts mentioned, as well as others 
that I consulted, did not give me enough facts as to the 
simultaneous conditions that take place in the various 
branches of the duplex and quadruplex circuits, and 
at this time, after taking nearly 500 oscillograms, I 
still find that there are conditions that I would like 
to investigate in order to arrive at a complete under¬ 
standing of these simultaneous relations. 

One of these things that needs further visualization 
is the relation of the simultaneous action of neutral 
relay armatures to the applied current wave, with 
different tensions in the retractile springs and with 
different adjustments of the air gaps. These two 
variables make it possible to cause a contact to close 
at various times in relation to the wave of current, 
and if the results were known, it might be possible to 
predict more closely than is now^ possible just what 
action would result with various circuit combinations. 

Another thing that needs to be demonstrated to 
the eye, is the difference in wave shape of current 
(and voltage) on different kinds of lines. There is 
a decided difference between the different kinds 
of lines, and with proper experimentation, reduc¬ 
ing the time of revolution of the recording drum 
on the oscillograph so that the recorded waves have 
a long slant, it may be possible to readily distin¬ 
guish between the waves of different circuits. ^ It is 
not possible to distinguish much difference in the 
results we have so far obtained, yet we know by 
ear from the results on the relays that there is con- 
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siderable difference. By following out this line of 
experiments far enough and taking enough records, 
it would be possible to work out a set of telegraph 
transmission equivalents for various apparatus and 
kinds of wire and cable, like the transmission equiva¬ 
lents used in telephony, so that one could predict 
what the result would be with any particular com¬ 
bination of lines and apparatus. The difference 
between the wave shape, or rather wave front, using 
different kinds of telegraph sets on the same line, 
should be similarly investigated. 

The books and papers so far available give us 
only approximations and do not give the actual con¬ 
dition during the transient state in the waves. A 
person can take paper and pencil and try to figure 
out the simultaneous transient conditions, but, in 
my opinion will come far from exact facts. This 
niethod of attack, backed up with the oscillograph, 
gives the proper present-day method. 

In regard to the light and heavy writing experi¬ 
enced in duplex telegraphy on the railroads, it is 
interesting to discover that this is a comparatively 
new phenomenon in the art. It is due perhaps, 
more to the greater time constants of the present- 
day lines, which to me means less steep wave front, 
which result from the increased amount of cable 
rather than to the 5-U coil or the wide polechanger 
travel, because it is experienced with differential as 
well as bridging sets. 

It_ appears that Mr. Maver did not follow through 
on his own line of attack on the light and heavy writing 
problem. The six figures required for the full consider¬ 
ation of the matter are given. Nos. 4, 5 and 6, are 
the same as given by Mr. Maver. Nos. 7, 8 and 9 
are for the reverse condition, which is with the home 
key open. For greater ease in following the current 
variations I have shown a milammeter at the home 
station which in each case indicates the current in 
the polar relay with the conditions as given. 

I follow Mr. Maver in his discussion of Figs. 1,2 and 3 
up to a certain point. That is, with both keys closed 
the Cerent in the polar relay will be 50 mils and in the 
rnarking direction, as shown in Fig. 4. When the 
distant polechanger is opened and held midway be¬ 
tween the poles the condition will be as shown in Fig. 5 
pd the current in the polar relay will be but 25 mils 
but still in the marking direction and the marking 
signal will continue. Now, if the distant polechanger is 
closed on p^ositive battery the condition becomes as 
shown in Fig, 6. Here comes the point that Mr, 
Maver failed to diagnose properly—-to wit: when 
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the distant polechanger is opened again and held 
open and not on either pole_, the current is, as Mr. 
Maver says, 25 mils, but it is in the marking direc¬ 
tion and has reversed the polar relay at the home 
station as shown in the milammeter. This means 
that when the distant polechanger changed from the 
condition of Fig. 4 to that as shown in Fig. 5 it did 
not change the signal, but that when it opened from 
the condition of Fig. 6 to the condition of Fig. 5 it 
did change the signal. The marking signal is thus 
lengthened by delay at the time the distant polechanger 
leaves the marking pole and by prompt action when 
it leaves the spacing pole to begin another marking 
action. 

In Fig. 9 the distant polechanger is on the marking 
pole and the home key is open with the current 50 
mils in the marking direction as shown in the mil- 
ammeter. If the distant polechanger opens and is 
on neither pole the condition is as shown in Mg. 8 
and it is seen that the polar relay has been reversed to 
25 mils in the spacing direction. With the distant 
polechanger on spacing ba,ttery the condition is as 
shown in Fig. 7 and is 50 mils in the spacing direction. 
When the distant polechanger is again opened and not 
on either pole, the condition becomes as of Fig. 8 again 
and the spacing signal continues with 25 mils in the 
spacing direction through the polar relay at the home 
station. Closure of the distant polechanger on marking 
battery which is negative polarity, gives the condition 
of Fig. 9 again and changes the current from 25 mils 
spacing direction to 50 mils marking direction. This 
means that with the home key open, as soon as 
the polechanger leaves the marking pole the marking 
signal does end and that when it leaves the spacing 
pole it does not end the spacing signal. The marking 
signal is thus shortened by the reversal that occurs 
when the distant polechanger leaves the marking pole 
and by dela,y in reversal when it leaves the spacing 
pole to begin another marking signal. This is just 
the reverse of the results brought out in the preceding 
para^aph for the condition of home key closed. 

This shows conclusively that the light and heavy 
writing has cause, but which may not exist in the 
sets formerly used which had circuit preserving pole- 
changers. Computations show that the condition is 
improved by the use of lamp resistance in the battery 
leads and because these resistances are used jointly by 
the current through the line and from the artificial 
line. When the condition of Fig. 5 or 8 exist, if there 
is lamp resistance in the battery leads, the current in 
the artificial line will be reduced below what it is 
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if no current flows in the main line because of the joint 
use of the lamp by the main and artificial line currents. 
In this case the milammeter would show some value 
less than 50 mils; that is, it would be farther in the 
direction it is wanted in, and the tendency will be to 
cause more prompt action of the polar relay in response 
to the action of the distant polechanger. It may be 
that the duplexes that used gravity battery with its 
high internal resistance were thus benefited thereby. 
It also would indicate that increase of terminal lamp 
resistance would benefit present day sets in this regard, 
but the difficulty is that many duplexes need all the 
current available and additional resistance would be 
disadvantageous, because the current would be reduced. 



Figs. .5, 6 and 7. 


The distinction that Mr. Maver has drawn be¬ 
tween charging and discharging current in the holding 
condenser, to my mind, is not entirely correct, if 
considered as follows: 

Assume a condition of closed keys on all corners 
fo a qpadruplex; the holding condenser will be in a 
charged condition, of maximum value. Now, if the 
d^tant polechanger reverses, it starts a wave along 
the line, which causes a change of potential to occur 
across the holding condenser, which will cause the con¬ 
denser to have the charge that was in it pushed out, 
so to speak, by another charge but the current 
that goes in to it to do the pushing is in the same direc¬ 
tion as the current being pushed out and continues 
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until the steady state is reached after the complete 
reception of the incoming wave from the distant station. 
The result is a pulse of current in the holding circuit, 
in phase with the line current, beginning when the 
line wave begins and ending when it ends. One oscillo¬ 
gram, No. 481, in the February 1, 1920, issue of the 
Telegraph and Telephone Age, page 66, shows the pulse 
in the condenser circuit in Trace No. 2 and its relation 
to the line wave. The point to this is that the con¬ 
denser current at each reversal of distant polechanger 
is all charge going into, or rather through, the con¬ 
denser. The charge and discharge are inextricably 
rolled into one pulse of current. 

Considering the Rhoads relay as performing the 
function of holding the reading sounder circuit of the 



Figs. 8, 9 and 10. 


common side closed while a dot might otherwise 
be split by the neutral relay falling against the back¬ 
stop when the distant polechanger reverses, makes 
the term ''holding relay^' appropriate. 

Since the holding condenser pulse is in phase with 
the line wave that caused it, it is only necessary to 
get the holding circuit to pick up at the precise in¬ 
stant that the , neutral relay would strike its back¬ 
stop, and thus prevent a false signal. This is not 
as easy as it seems. It is necessary to know the 
action of the . neutral and holding relays in relation 
to the current wave and to the air-gap and retractile 
spring tension, facts that are not definitely known at 
the present time, except, perhaps, in laboratories 
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where the data is not made public, and which data 
we should obtain experimentally as stated in the early 
part of this letter. The best information obtained 
by me so far, is in oscillograms Nos. 543, 544 and 545; 
results which show the simultaneous action or coordi¬ 
nation to be successful on single wire circuits. The 
current is maximum in the holding circuit at the very 
instant t^t it is zero in the neutral relay. This is 
at the middle of the reversal of the line wave. Con¬ 
sequently, the holding pulse of current comes at the 
desir^ time, but it is dependent upon the charac¬ 
teristics of the neutral and holding relays as to whether 
this pulse can be made successful use of. 

No trouble has yet been experienced with the holding 
relay being actuated by current from the short pole 
reversals at the distant end. The reason is that the 
ordinary Morse relay has very wide margin of adjust¬ 
ment and, if adjusted so it just pulls up on a given 
current, there is no trouble from its picking up on one- 
third of this current, which it would have to do on a 
quadruplex which works on a 3 to 1 ratio. 

In connection with the good service which the 
quadruplex gave years ago between New York and 
Chicago—^points now beyond the range for quad- 
ruplex-working—it seems worth while to note that 
these lines were practically open wire from operating 
room to operating room, including open wire through 
the city streets and included but little cable; whereas 
at present there are untold amounts of cable and grow¬ 
ing worse in this respect. The tests we have made 
indicate that it is the capacity effect that plays havoc 
with the speed of reversal of current, and which causes 
the trouble in the quadruplex. If the wave- has a 
steep front, it causes a quick reversal in the neutral 
which is more easily bridged over by theholdingdevices. 
The capacity reduces the steepness of the wave front 
of the received wave. 

The omission of the bug-trap relay was tried, and 
it was found to be indispensable at that time. Some 
further tests will be made soon on longer lines and 
omission of the bug-trap will be tried again. With 
400-ohm local sounders operating on 110 volts the 
sluggish action in local circuits is greatly reduced, in 
our experience, and the bug-trap does not seem to 
cause appreciable lag. 

That many statements that I made in my paper 
seem to be restatements of old facts, makes it timely 
to state that we will have to watch closely in the 
futwe to prevent wasted effort in reinvention and 
rediscovery of many things because of the rapidly 
increasing complexity of science. Science has been 
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described as organized knowledge, and there is plenty 
of chance for improvement in this organizing and card 
indexing of facts, as anyone can testify who has tried 
to follow up some subject and has found that text as 
indicated by title is far from being what the_ searcher 
is led to expect. It also indicates the diflBculties ahead 
of the index-maker. 

The problem of low resistance instruments for heavy 
way Morse wires is an old one, as Mr. Maver says, 
and was brought out in my paper because of the spe¬ 
cial case of the use on block telephone simplexes and 
to indicate the matter of insulation as related to the 
problem. As I had in mind, way circuits with 30 to 
60 stations, when the writing statement that low 
resistance instruments are preferable for way wires, 
I believe Mr. Drake will agree when the statement 
is thus limited. 

I failed to give credit in my paper to the line resistance 
invented by Mr. Stumm, as when the early draft of 
the paper was made we were not making much use of 
it, because the wires in duplex service were generally 
high resistance simplexes on dispatching circuits and 
were worked on the highest current obtainable without 
excessive voltage but which current at best, was gener¬ 
ally near the low limit for duplex working. _ Conse¬ 
quently, no benefit could be made by the insertion 
of resistance in bad weather. However, in recent 
months we have converted many dispatching telephone 
simplexes into low resistance types by the use of re¬ 
peating coil operated selectors. These simplexers give 
ample margin of current, when duplexed, and in bad 
weather the Stumm resistance box is found valuable. 
Mr; Stumm, by the way, does not like the term line 
resistance box. He prefers the word “box” omitted. 

In conclusion, it seems proper to say that the re¬ 
marks herewith are fair indication that the performance 
in the quadruplex and duplex is to a great extent a 
matter of guess-work, if attempted by graphics and 
charts, and our attempt has been to help take the guess¬ 
work out of it, which attempt has only been partially 
successful up to date. One motive in the work has 
been to make visible many of the well-known audible 
phenomena. Two senses are better than one on a 
problem, or three are better than two, if eyes, ears 
and mind are counted as one each. 

E. H. Colpitts: Before considering the technical 
questions raised in the discussion, there are two matters 
which require further notice. The first covers the 
claims made by General Squier in his discussion that he 
is the inventor of the carrier current system. The 
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second covers the question as to the b®' 
apply to the system. 

General Squier’s claims were, of course? j 
when we wrote the historical part of the - 
recognized the obligation in the historicE^J 
give as unbiased statements as possible- 
fully considered his claims and we belie^^ 
ments made in the paper give due credit tc 
butions to the art. 

General Squier, in his discussion, states: 

“Let us consider for a moment what 
tial_ elements in this system. Briefly, the 
nating currents or electrical waves of rel£^ 
frequencies, means for modulating higl" 
currents at' the transmitting end, selective 
both ends of the line, separating the mess£ 
ferent frequencies at the receiving end, ai' 
means for rectifying and detecting the sigJ 
receiving end. These are the basic elementi 
and sufficient for the successful operation of 

* ifc :|« M 

It is exactly these essential elements of t 
each and all, which were invented, combine 
and thoroughly understood, considerably p 
the work by Squier. A careful considerate 
facts presented in the paper will show this. 

. Frankly, we must look at the work by Gen-* 
m the same way that he looks at the woi*] 
who preceded him when he states, “ * '*• 

but their work did not materialize into a pra< 
tion of the problem.” The previous work w 
to a point permitting a technical demons 
wire carrier telephony and telegraphy. T* 
tests w-ent no further, although the great 
General Squier to inspire popular interest in su< 
brought his work into more wide-spread not 
Squier tests did not “materialize into a 
solution of the problem.” This was fully 
out at the time by Dr. Jewett.* 

There are two things which have come int 
which above all others have been responsible j 
the carrier art out of the experimental stage 
it had been for many years and making it st. 
cially practical system. The first and th< 
thing IS the wonderful art which has been 
around the three-element vacuum tube Thi, 
tube art includes dvelopments in the tube 3 
its application as amplifier, repeater, modu, 
modulator and oscillator, and the numerous ci 

4. Teans. a. I. E. E., 1911, Vol. II, p, 1666. 
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line developments which have been associated with 
these factors. Second, is the development of the elec¬ 
trical filter which has permitted the use for telephone 
purposes of the most advantageous frequency range 
for carrier use. 

As regards the name given to this system, it seems 
to us that the terms “wired wireless”, “wired radio” or 
“line radio” are particularly objectionable in that 
they ignore the fundamental difference between wire 
and radio transmission. The characteristic feature 
of wire transmission is that the _ electro-magnetic 
waves are guided by conducting wires, whereby the 
energy is prevented from spreading and is delivered 
to the one desired receiving point. The characteristic 
feature of radio is, of course, that the waves “radiate , 
that is, they are unguided and are permitted to spread 
out in all directions. If we speak of a “wired radio ’ 
or “line radio” system of transmission, we are in effect 
saying a “guided-unguided system.” The term con- 

These names have arisen out of^ a misconception^ as 
to the transmission of high frequencies over wire circuits. 
For example, in his present discussion, General Squier 

states, . . . , 1 V j 

'T have always regarded the principles ernbodied 

in my system of line radio as offering great possibilities 
in connection with long distance power transmission. 

In General Squier's paper of 1911 he states: 

'‘The distortion of speech, which is an inherent fea¬ 
ture of telephony over wires, should be much less, if 
not practically absent, when we more and more with¬ 
draw the phenomena from the metal of the wire and con¬ 
fine them to a longitudinal strip of the ether which forms 
the region between the two wires of nietallic circuit. 

The ohmic resistance of the wire as shown can be 
made to play a comparatively unimportant part in 
the transmission of speech and the more the phe¬ 
nomena are of the ether, instead of that of metallic 
conduction, the more perfectly will the modified elec¬ 
tric waves, which are the vehicle for transmitting the 
speech, be delivered at the receiving point without 
distorti on. ^ ^ 

The facts are, of course, that the transmission of 
high frequencies over wire curcuits presents no new 
principles, either to the power engineer or to the tele¬ 
phone engineer. Quantitatively, the phenomena in¬ 
volved in the transmission of high frequencies are even 
somewhat less “of the ether” than are those involved 
in the transmission of the lower frequencies. By this 
we mean that there is more active dissipation of energy 
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in the wires themselves and in leakage between the 
wires the higher the frequency. It is even true that 
the.energy transmitted in the wires themselves in¬ 
creases with frequency although as pointed out below 
this IS negligibly small. 

In this connection it may be of interest to note where 
the actual transmission of energy takes place in an 
open-wire circuit. Fig. 10 shows a section across a 
pair of No. SB. W. G. copper wires spaced 12 inches 
on center, which is the largest gage open-wire circuit 
m common telephone use. Within the small dotted 
circles drawn around each wire is tranmitted 50 per 
cent of the total energy. Between the small circles 
and the larger outer circle is transmitted 40 per cent. 
The remaining 10 per cent is transmitted outside of 
the larger circle. This diagram holds true practically 
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or frequencies, either for power transmis- 

Sinn tF carrier trans- 

u ^ amount of energy actually transmitted 
lon^tudinally in the wires themselves is negligibly 

mately 6 X 10 ^ per cent, for 50,000 cycles 14 X lO-^^ 

For very low frequencies, as is well known, the 
cimrent tends to distribute itself uniformly across the 
oss-section. As the frequency increases the current 
IS crowded more and more into the outer layers of 
the wire This does not mean at all, howeveV thS 

huTratfiw F® frequencies, 

put rather that there is more loss. For 1000 cycles 

die to'fwTw’ 8 B. W. G. wires as aLve) 

due to their ohmic resistance alone, take a toll from the 
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transmitted energy of 0.7 per cent per mile of travel. 
At 50,000 cycles they take a much greater toll of 2.6 
per cent. Likewise the leakage losses increase greatly 
as the frequency goes up. The telephone engineer 
has gone to the higher and inherently less desirable 
frequencies involved in carrier use, because with the 
new facilities opened up by the art built around the 
vacuum tube he can sacrifice considerable in efficiency 
of transmission to obtain additional channels. The 
power engineer, however, is much more vitally^ in¬ 
terested in efficiency of energy transmission, anddt is 
not now evident what advantages he can find in higher 
frequencies for power purposes to make up for their 
inherently poor transmission over wire circuits. 

An appropriate name for the art should not only 
suggest the mode of operation, but should also differ¬ 
entiate between it and the two most closely allied arts, 
namely, ordinary wire telephony and telegraphy and 
radio telephony and telegraphy. We have already 
pointed out the fundamental distinction between it and 
radio. 

The feature of the art which best distinguishes be¬ 
tween it and ordinary telephony and telegraphy is 
that with it the signaling telephone or telegraph waves 
are impressed upon alternating current higher in fre¬ 
quency than the signaling waves, while with ordinary 
telephony and telegraphy the signals are transmitted 
at their own frequency. ^ An alternating current on 
which the signaling variations are impressed in such a 
system has come rather naturally to be regarded as 
the "'carrier'' of the signaling variations,^ and therefore 
to be designated as the "carrier current." 

If we wish then to set up a name which would fully 
differentiate this art from others, we could character¬ 
ize it as "wire-a-c. carrier" system. From this name 
we can surely drop off the "a-c." for while the ordinary 
telephony and telegraphy may be considered to be 
impressed on direct current, the analogy, while in¬ 
structive, is not an obvious one. It requires, for ex¬ 
ample, considering the permanent magnetism in the 
receiver of a telephone system as the "carrier" at the 
receiving end of an ordinary circuit. Without con¬ 
fusion then, the name can be shortened to "wire car¬ 
rier" system. "Wire" differentiates it from radio. 
"Carrier" differentiates it from ordinary wire trans¬ 
mission. The two words taken together are suggestive 
of the mode of operation.* 

While carrier currents are employed in radio trans¬ 
mission, the term "radio" so well identifies that art 
that the term "wire carrier" has been further abbre¬ 
viated in practise to "carrier". This has happened 
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in connection with the development and operation of 
circuits of this kind by the Bell Telephone System in 
the United States. These circuits are already widely 
known to their operating as well as to their development 
and engineering forces as ''carrier'^ circuits.^ For tech¬ 
nical use the complete term wire-carrier is probably 
preferable, 

^ Coming next to the technical questions raised by the 
discussion, we note that General Squier, Mr. Duncan 
and Dr. Cohen question the amount of power required 
to^ span various distances. The primary cause of this 
misunderstanding is that they are assuming that the 
energy 'deveP to which transmission may be permitted 
to fall, that is, the amount of energy at the receiving 
point (or point of amplification) is determined by the 
limits of audition and the amounts of amplification 
possible. However, in a commercial circuit the level 
to which the energy may be permitted to fall is determ¬ 
ined solely by the level of the interfering energy which 
may be present in the circuit. For the carrier fre¬ 
quencies which we are using applied to a telephone line 
transposed in the usual manner, we find that the use¬ 
ful component of the energy must not be allowed to 
drop below about 10'^ watts. It is, furthermore, 
very desirable that the energy level be kept considerably 
above that value. 

We appreciate that the ratio of this value to the 
interference is very much greater than that ordinarily 
experienced in radio transmission. The standards for 
commercial wire telephone circuits must be, of course, 
very much higher than those which are usually 
approached in radio. 

Another factor which is important is that if extremely 
large ratios are permitted between sending and receiv¬ 
ing energies, there will be undue interference from the 
powerful sending circuits into the sensitive receiving 
circuits where more than one system is operated on a 
pole line. _ Considering the fact that the crosstalk in¬ 
troduced into a circuit from any other circuit must 
not have more than a few millionths of the energy 
sent out on that circuit, it is evident that this require¬ 
ment may be extremely important. 

The discussion also raises the question as to why the 
frequency range below 30,000 has been exploited for 
commercial use. The primary reasons for this are, as 
pointed out in the paperthe lower attenuations, the 
^eater ease in caring for inserted lengths of cable and 
the smaller interference between channels at the lower 
frequencies. As the frequencies increase not only does 
the attenuation increase rapidly, but the variations 
m attenuation with weather conditions become ex- 
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tremely large. The circuits rapidly reach a point with 
increase in frequency where the maintenance of sta¬ 
bility becomes a very important factor. 

Mr. Duncan presents computations of attenuation 
at 500,000 cycles over an assumed circuit of 100 miles 
length. At this frequency the leakage which he used 
was, as he stated, an assumption. We find the leakage 
factor varies tremendously with weather conditions. 
While we have no precise data giving the range at 
this frequency, we believe the value assumed by Mr. 
Duncan is a reasonable one for moderate weather con¬ 
ditions. For wet^ weather conditions, however, we 
believe the value is entirely too low; that it may be 
even increased by several times the assumed figure. 
Supposing the value was twice that assumed, we find 
that the received energy would be cut down by a ratio 
of approximately one hundred to one. For a two hun¬ 
dred mile length the ratio would be 10,000. This very 
well indicates what variations in received current would 
be possible vyith weather variations at this high fre¬ 
quency. Evidently there is a large difference between 
setting up a demonstration circuit under good condi¬ 
tions and obtaining satisfactory commercial efficiency 
and stability over the same circuit. 

Our recent experience with carrier operation has 
shown an amount of interference from adjacent power 
circuits much greater than that which we had antici¬ 
pated. Evidently while our carrier range is above 
the usual harmonics of power circuits, there are frequently 
set up in such circuits high-frequency oscillations and 
surges of considerable amplitude. We expect that 
further work will throw some interesting light on this 
subject. 

Since writing the paper we have been glad^ to receive 
a letter from Professor Turpain of the University at 
Poitiers giving reference to early work carried out by 
him on carrier communication. He sent us a copy 
of a pamphlet entitled, "'Recherches experimentales 
sur les Oscillations electriques,'' Paris, Herman, 1899. 
He also referred us to the following publications: 

''La Telegraphi sans fil et les applications pratiques 
des ondes electriques, deux editions: 1902, C. Naud, 
Paris; 1908, Gauthier-Villars, Paris. 

"Utilisation des ondes electriques a la solution gen- 
erale du probleme de multicommunication en tele¬ 
graphic et en telephonic. 

"Soc. des Sc. P. N. de Bordeaux, 23 juin 1898, 10 
mai 1900. C. R. Ac des Sc., 26 decembre 1898, 14 
mai 1900. Soc. Fr. de Phys., 21 avril 1900. Congres 
de TA. F. A. S., Boulogne, 1898; Paris, 1900; Angers, 
1903; Journal de Phys,, aout 1900. Revue scienti- 
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fique (rose), 3 mars 1900. Congres de I’A. F. A. S., 
Rouen, 1921. Revue general Electricite, 24 Sept. 1921. 

“Brevet francais No. 278719 du 13 juin 1918.” 

We regret that Professor Turpains contributions to 
the art were overlooked in our original statement. 
It IS interesting to note that at an early date he applied 
to wires for multiplexing purposes the most effective 
methods then known in the radio art. 



Presented at the 9th Midwinter Convention of 
the American Institute of Electrical Engi¬ 
neers, New York, N. F., February 18. 1921. 


Copyright 1921. . By A. I. E. E. 


REGULATION OF FREQUENCY FOR 
MEASUREMENT PURPOSES 


BY B. H. SMITH 

Westinghouse Electric & Mfg, Co., E. Pittsburgh, Pa. 


I T happens very often that it is desirable or neces¬ 
sary to transmit a quantitative indication to a more 
or less remote point. For instance, in a modern 
power system with its various sources of power, the 
load despatcher may wish to know the amormt of 
power generated in a station perhaps several miles 
away, so that he may be able to better distribute his 
load. In addition, it may be desirable to regulate 
automatically the distribution of power as well as 
limit the amount that is received from a distant point. 
In this connection the problem may not be simply 
that of limiting the indicated power but of measuring 
and limiting the integrated demand over a definite 
time period. Of a different nature is the problem of 
recording at widely distributed points various opera¬ 
tions in an industrial plant so that the results can be 
compared on the basis of the exact time of occurrence. 

For all of the above problems frequency lends it¬ 
self as a quantity which can be made proportional to a 
given indication and transmitted without any change 
for practically any distance. In this respect it stands 
out as being far superior to the transmission of energy 
or voltage or current. The transmission of voltage 
• is affected by resistance in circuit, the transmission 
of current is affected by leakage and induction and the 
transmission of energy is affected by both of these 
quantities. Frequency is not affected by any of these 
quantities. The only problem is its satisfactory con¬ 
trol and measurement. The speed control of a small 
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motor-generator set to give a desired speed within wide 
limits has been accomplished with more or less success 
in the past, but the frequency meter in its ordinary 
form is quite unsuitable for accurate measurement 
purposes. A new tsrpe of frequency meter of most 
satisfactory performance giving accuracy and high 
torque has been developed, making use of the auto¬ 
mobile speedometer principle of a revolving magnet 
acting on an aluminum disk. 

The purpose of this paper is to consider a number 
of metering systems where, the frequency of a circuit 
is controlled in order to transmit an electrical condi¬ 
tion to a remote point and to bring out the adapt¬ 
ability of this quantity for such purposes. 

In 1917 the C. M. & St. Paul R. R. was confronted 
with the problem of measuring the power consumed 
on its latest electrified section extending from Tacoma 
and Seattle for a distance of about 200 miles east. It 
was decided to measure the power received at the 
various substations, Taunton, Cedar Falls, and Renton, 
and transmit the measurements to the dispatcher's 
office where they would be totalized and recorded. 
For much of the distance the climatic conditions are 
very severe and, especially along the coast, the weather 
is so wet that leakage of electrical energy from any 
kind of outdoor circuit is very great, and any method 
making use of quantitative transmission of current 
is out of the question. 

The use of frequency was proposed as a suitable 
method, because frequency is a quantity which can 
be carried over a long distance without being subject 
to changes, and the details of the apparatus as installed 
some months ago are perhaps worthy of our attention 
as being an example of the most extensive applica¬ 
tion of the use of frequency for measuring purposes 
in service up to the present time. First of all, it is 
necessary to obtain from some source which will allow 
of regulation a frequency which can be made propor¬ 
tionate to the measured power. This is accomplished 
by connecting a wattmeter to a small a-c. generator 
in such a way that the speed, and hence frequency of 
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the generator, is proportionate to the power received. 
This is done as follows: 

At the first substation, Taunton, a small synchronous 
motor is driven from an a-c. generator, and through 
a revolving magnet acting on an aluminum disk pro- 
duces a torque which over a wide range is proportionate 
to the speed. This torque is balanced with the watt¬ 
meter and maintained so that with any change in 
wattmeter reading the speed changes accordingly. 

To take care of zero load a ^'base'^ frequency of 
25 cycles is maintained, so that if the load is zero, 
exactly 25 cycles is sent out to the next station, and 



With various loads the frequency is increased up to a 
ihaximum of about 60 cycles. The outgoing frequency 
at approximately 100 volts is transformed to 2000 
volts and transmitted to the next station. Here, and 
at three more stations, at intervals of about thirty 
miles there is no power received and the lines are 
brought into the station only for the purpose of bring¬ 
ing out the phantom or power control circuit which will 
be mentioned later. 

_ - At the fifth station, Cedar Falls, the frequency is 
increased by an amount proportionate to the power 
being received at that station. It is not done directly 
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however, but another generator is introduced and so 
controlled that its speed corresponds to the incoming 
frequency plus any power coming in on its own meter. 
The incoming frequency operates a synchronous motor 


O utgoing Frequency f 4 Pole Single Phase 

Synchronous Motor 


Spring to maintain 


jto maim 
Base Freque ncy 


Spring Coupling 


Potential Terminals 


Resistance 

125V.D.C. 




Equalizing Wattmeter 
End Station Type 
Showing External Connections 
Wattmeter Element 
Connections to Wattmeter 
.Coils not shown 


4 Pole Synchronous 
Generator 


tOhimt 125 Volt 
§ Variable Speed 

5 D.C.Shunt 

Motor 



120 Point Commutator 
(Points l,2,3,etc.on 
Commutator Connect 
to Points 1,2,3,etc. 
on 120 Point Resistor) 


Fig. 3—Diagram op End Station Meter Power Indicat¬ 
ing AND Limiting System—Chicago, Milwaukee and St. 
Paul R. R. Co. 


similar to the one at Taunton and shown as the left 
hand motor in Fig. 8, its effect is added to the power 

incoming at Cedar Falls, and the outgoing frequency is 
balanced against it so that it represents the total power 
so far. The frequency is increased in like manner at 


Outgoing Frequency Single Ptiese 

- - — ^ ^Synchronous Motor 


Magnetic Differential 


Incoming Frequency 


^.Spring Coupling 


I Field Discharge 
Resistance 



..Wattmeter Element 
/-Limit. Switch 

,120 Point Commutator - 
— ‘(Points l,2,3,etc.on Commutator connect 
r—] to Points 1.2,3,etc. 

1 on 120 Point Resistor) 


4 Pole Synchronous 
Generator 


.125 Volt Variable Speed 
D.C.Shunt Motor 


Fig. 4—-Equalizing Wattmeter, Intermediate Station 
Type, Showing External Connections—Power Indicating 
and Limiting System 


the next station, Renton, and from there it is transmitted 
to the dispatcher's office. Here it is necessary to sub¬ 
tract the base frequency which is accomplished simply 
by a spring which opposes the effect of the incoming 
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frequency by an amount equivalent to a 25-cycle speed, 
and the remainder then represents the total power 
received by the railroad. The apparatus used to con¬ 
vert the frequency effect into a form which can be 
shown on ordinary meters both of indicating and watt- 
hour t3q)es, is similar to that at the first station, but 
the control mechanism, instead of operatingon a motor- 
generator set only controls the quantity of current in a 
local circuit through suitable slide resistance, and 
this current is passed through standard indicating, 
recording, integrating and demand meters. 

It was mentioned above that at certain stations, 
th6 inet6ring circuit was led in only for purposes of 
bringing out the power control circuit. This circuit 



Fig. 5—Diagram op Connections op CoNSXANT-FREQUENcy 

Regulator 


is supplied from a 440-volt direct-current generator 
at the dispatcher’s office. One generator terminal is 
grounded and the other is led into the frequency 
circuit through the middle point of the 2000-volt trans¬ 
former, then it divides between two wires and passes 
through the whole line to Taunton, where it is connected 
to ground as a return circuit. The experience to date 
with this circuit furnished the best evidence that 
quantitative measurement of a direct-current indi¬ 
cation over a longer distance is out of the question 
under wet weather conditions. It was found in the 
ve^ beginning, that about six milliamperes would 
leak from the line on an ordinary foggy morning. 
Perhaps by noon this leakage would entirely disappear. 
This quantity is small but the control impulses sent 
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over the line were only about 15 or 20 milliamperes, 
hence the percentage of leakage current was rather 
high. Later on there was evidence of much greater 
leakage, and at times it was impossible to get the proper 
control impulse through to the substations. 

There was also found to be, especially along certain 
sections, a great deal of a-c. induction from the high- 
voltage power transmission line, and this tended to 



Fig, 6 


make the a-c. relays inoperative; but the effect on 
the metering frequency transmission was unnoticeable. 
This induction was, however, readily overcome by 
interposing in the circuit suitable resonant apparatus. 
It is not believed that the effects of ground potential 
have been serious, but recently there has been a great 
deal of apparent leakage from the 3000-volt power 
feeders into the circuit, so that the control impulses 
from the dispatcher’s office at times are entirely over¬ 
balanced. 

The transmission of the frequency indications, 
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however, has been practically unimpaired under all 
sorts of conditions except where the line itself has been 
broken or accidentally grounded, and so far it can be 
said that this application of frequency control and trans¬ 
mission for metering purposes has more than met the 
expectations of all concerned. 

Another application of frequency control of more 
recent date is being worked out in a large industrial 
plant. Here it is desired to record various operations 



Fig. 7 


in widely separated areas about the plant in such a 
way that indications can be compared on a basis of 
the exact time at which they occur. The timing 
mechanism of the various meters are operated by small 
synchronous motors and these are supplied from a 
circuit, the frequency of which is controlled by a master 
clock so that the integrated frequency is proportional 
to absolutely correct time. Thus at any point a syn¬ 
chronous motor can be connected to the circuit and 
with proper gearing made to drive clock hands or 
timing devices, and these will indicate with no error. 

Pig. 5 is a diagram of the essential features of the 
control apparatus. 
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The speed of a small motor-generator set is balanced 
against a clock mechanism through a differential which 
operates the speed-controlling contacts. The differ¬ 
ential is simply a sliding worm which moves forward 
slightly when the speed gets ahead of the clock, and 
backwards, if the speed falls behind, thus operating 
the contacts so that the speed is brought back to the 
proper value. The correct speed and frequency thus 
obtained are transmitted to the various parts of the 
plant, and small synchronous motors operate the va¬ 
rious timing devices. By this system there is ample 
power for a high-speed timing device, the various meters 



Fig. 8 


will agree with each other to within a small fraction 
of a second, and the whole system may be kept within 
two or three seconds of standard time. The central 
apparatus can be regulated for fast and slow speed 
in the same manner as a watch, and if after running 
for a length of time the system is found to be slightly 
fast or slow it can be speeded up or slowed down 
quickly by hand control and brought to agreement 
with wireless signals or other indication of correct 
time. Then a slight adjustment of the regulator will 
suffice to keep the system as nearly correct as can be 
expected from a good timepiece. 
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Discussion on ''Regulation op Frequency for 
Measurement Purposes'' (Smith), New York, 
N. Y., February 18, 1921. 


J. R. Craighead: I have been very much inter¬ 
ested in Mr. Srnith's presentation of the use of fre¬ 
quency^ for indications of the values of electrical 
quantities at a distance, particularly because of the 
advantages resulting from the use of a quantity which 
IS practically unaffected by leakage. 

• ^ ITT in the paper of the difficulties 

o(^umng due to leakage in the phantom circuit through 
winch direct current is circulated for control purposes. 
{ have had some experience in the transmission of 
similar values through direct current, and of control 
through the same means in a section further East than 
the one to which he refers. At that point we succeeded 
m transmitting through similar distances on two 
sections (about 220 rniles) each with several operating 
substations and obtaining accuracies of a satisfactorv 
native with very little effect from leakage. This 

Iw 1 - ^ leakage trouble is partly due to the fact 
that the lines are not in a coast area. The sections run 
through the states of Idaho and Montana, where the 
raintall is comparatively much smaller and where less 
leakage is to be expected. 

_ There are, some rather particular advantages in 

the use of direct currents for similar purpose on 

account of certain features associated with the trans¬ 
mission. 


In the first place, the transmission by direct current 
of ^ihbarrassed by the inductance and capacity 

transmission 

S and the same current is 

for transmission of the indication 

?ne side is grounded so that a ground return is 
wf nun-ent, it is possible to use a single 

«« mtkM “<= keep every- 

rcdpecs this 

The number of motor-generator sets 
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noted in the paper is quite considerable, and if applied 
to a greater number of stations in series, might become 
burdensome, because of the amount of rotating appar¬ 
atus, to be kept not only in operative condition, but 
in condition of operation sufficiently perfect so that 
the indications would not be affected. 

When the d-c. system is used, the single generator 
is all that is required in connection with the indicating 
and controlling circuit. This is located in the dispatcher’s 
office, and the controls in sub-points are simply 
resistance controls. There are also no phantom con¬ 
nections between different lines, which tends to reduce 
the difficulties of leakage. Since the current used for 
indication flows through all substations, it is possible 
to have the totalized value indicated in each station 
if desired. 

We have some very interesting experiences as to 
the effect of inductive disturbances. On a d-c. line, 
supposedly, an inductive disturbance would have no 
effect; but practically all types of relays containing 
iron which are operated by direct current are partially 
sensitive to alternating currents. About the only 
exception to this, and this is not a complete exception, 
is the polarized type of relay. _We found some diffi¬ 
culty in obtaining a reduction of inductive disturbances 
sufficient to avoid disturbing any of the relay controls, 
but this was accomplished rather simply in the long 
run by a few transpositions of the lines, and no altera¬ 
tion in the apparatus was necessary. 

Mr. Smith speaks of a base frequency of 25 cycles’ 
It is sometimes necessary in the transmission of rail¬ 
way intelligence of this character, to cover the fact 
that certain stations are running below the zero point, 
that is to say, are receiving power from the railroad 
and handling it back to the power company, instead 
of simply receiving power direct. In that case_ means 
must be provided for subtracting the value instead 
of adding it to the total. I should like to ask Mr. 
Smith how that is taken care of; whether it has been 
necessary on the circuit of which he speaks, and whether 
it involves the running of any of the machinery below 
the base frequency of 25 cycles? 

Charles F. Scott: This paper, it seems to me, 
embodies what might be termed a bold attack on the 
whole problem of adding together the power that is 
incoming to a system at different points, and then 
adding to that the rather remarkable operation of so 
controlling automatically the operation of the whole 
railway system, by, for example, lowering the voltage, 
so that the power taken shall not exceed some pre¬ 
determined maximum. If we had not this solution 
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before us, if it were stated that some method of doing 
these things were required, we would think it almost 
impracticable to carry it out. 

But as the previous speaker has indicated, it has 
been carried out by two methods, and in a method 
describing the use of frequency. We usually measure 
currents or volts or power, and we might under one of 
the rules proposed, add together the voltage generated 
at each of the several stations, and take that voltage, 
each one being proportional to the power at the station, 
as the sum which gives the total which is desired, 
and which can be transmitted to and indicated in, 
the train dispatcher’s office. But here we have brought 
in something new. We have brought in frequencies 
and added frequencies together. 

_ Our worst troubles were in connection with the 
lines,—leakage, inductance, capacity. They can vary 
the currents or the power or the voltage, as it may be, 
but they do not affect the frequency. They may cut 
down or modify the amount of power which reaches 
the distant station, so that the receiving instrument 
will have to work with a smaller power impulse, but 
when it gets there, the thing we are trying to convey, 
^^0 me^ure, namely, frequency, is not modified. 

W. H. Pratt: I would like to challenge one of the 
remarks of the author in which he said that the accu- 
® apparatus was comparable with the accuracy 
of the house tj^pe meters. It would not be a sufficient 
proof of this to know ths,t tho rocord h© ref©rrcd to 
was, over a period of time, the record of the totalizing 
meter, was the equal to the elements that went to 
make_up that sum. It would seem from his descrip¬ 
tion that the apparatus is subject to temperature errors 
^ reason of the employment of an aluminum disk 
wth the magnets dragging against it. As I under¬ 
stand the_ apparatus, the torque would vary with the 

it can hardly 

be expected that the apparatus, as a whole, would 

of accuracy 

that is^ven by the induction type meters. 

there are /^*?**V regard to the first discussion 
there are certainly some advantages to a d-c. svstem 

freoueneJ^mith^H advantages to the 

^say that for about nine 

wSe oaough so that the 

leakage does not interfere a great deal and on the d-e 

SS^^Httle .1 believe it is true that there 

pSife roaS ioakage. On the 

f section, on the last seventy or eightv 

a^ Slim leakage has reached 

nnlliamperes. For certain reasons it 
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is desirable to keep the measured quantity, down around 
20 or 30 milliamperes. The leakage is measured on 
a meter which measures the quantity of direct current 
going out over the line for the regulating impulse. A 
good deal of the time this regulating impulse is zero, 
but as soon as a salt fog comes along, the pointer 
gradually moves up the scale to perhaps 100 milli¬ 
amperes, so that if one is using this indication as a 
quantitative measurement of power, it would be 
impossible to obtain accurate results on this Coast 
section. But the frequency is not affected by leakage, 
and in fact we have no trouble from frequency indi¬ 
cation being affected at all. 

The lines a,re affected by inductance and capacity. 
We have as high as 100 milliamperes alternating current 
induced from the high-voltage transmission line. For 
a long time we could hardly make the d-c. relays oper¬ 
ate, and we had to very carefully install resonances 
at each station, So as to reduce the interference to a 
small value. 

Now, about _ the base frequency, and the measure¬ 
ment of negative power. Fortunately, at the begin¬ 
ning of the line since we are always receiving about 10,000 
horse power whether the railroad is running or not, 
power is measured in the positive direction, and then 
at Cedar Falls, about one hundred miles away, power 
flows away from the Railroad System, so right at the 
beginning the frequency is increased to 30 or 35, and 
we have a rnargin for reducing the frequency, at Cedar 
Falls, and since it is possible for the apparatus to run 
as low as 20 cycles, power flowing out may be greater 
than that coming in. The system has to take care of 
the regeneration of power on the mountains, and if a 
number of freight trains are running down hill, they 
may generate as much as 5000 horse power. 

I wish to thank Mr. Scott for his kind remarks. I 
believe he_ has no questions about the system. It is 
a satisfaction to finally overcome the diflRculties which 
this system brought out. 

Now, Mr. Pratt questions the idea of comparing 
this system to the watt-hour meter. It is perhaps 
not to be expected that the accuracy will continue 
as great as it has appeared to be, and it is hard to 
believe that it really is as good as a watt-hour meter, 
and, of course, an error of one per cent is rather serious 
in the case of a watthour meter. 

In regard to the temperature error due to the change 
in conductivity of the aluminum disks, I may say, 
first of all, that the disks are not purely aluminum, 
but an alloy of aluminum, which has a temperature 
coefScient about half of that of aluminum, so that 
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which will provide accurate measurements of eddy 
current losses on a comparative basis. The method 
of test is not advanced as being original with the 
author, but represents the accumulated experience of 
the Test Department of The New York Edison Com¬ 
pany with several series of tests of this character. 

Investigations have been made at various times to 
determine the effectiveness of various expedients for 
reducing such losses. These include, for example, (1) 
impregnating bare cables with varnishes and com¬ 
pounds to insulate the strands from each other, and 



Fig. 2 Suspension of Cable Sample in Field, Showing 
Bipilae Suspension and Scale for Measueing Deflections 

(2) insulating layers of strands from each other by 
wrapping the layers with asbestos tape during manu¬ 
facture of the cable. The relative eddy current loss 
was determined for the bare and insulated condition- 
other factors held constant. ^ 

Pig. 1 shows an air-core- coil wound with three 
phases to produce a rotating field. The coils are on 
a five-inch fiber tube 36 inches long. The winding is 
full pitch, two-pole, each phase consisting of 100 
turns of No. 22 A. W. G. insulated copper wire. 

I A two-foot length of cable to be tested is hung in 
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the center of the coil by a bifilar suspension as shown 
in Figs. 2 and 3. Care is taken in cutting the sample 
not to disturb the lay of the strands. A pointer was 
mounted as shown in the illustrations to indicate the 
angular deflection of the cable from the free position. 

Balanced field currents were then applied. The 
rotating field so produced set up eddy currents in 
the stranded cable sample, resulting in torque and 
rotation of the sample until balanced by the torque 
of the suspension. The angle of deflection is a measure 



Pig. 3—Method op Attaching Cable Sample to Bipilar 

Suspension , 

of the torque which can be determined from the 
dimensions of the suspension as follows: 

I = length of suspension threads in cm. 
d = distance between centers of suspension threads 
in cm. 

m = mass of sample and suspension cap in gm. 
g = acceleration due to gravity = 980 cm-sec.^ 

6 = angle of deflection in degrees. 
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t = torque due to eddy currents. 

^ —sin 0 dyne-cm. approximately ( 1 ) 

This relation is substantially correct for small 
deflections. If I = 100 cm., d = 2 cm. and d = 30 
degrees, the error introduced by using the approximate 
formula is less than 1 per cent. In the actual 
tests described below, the error from using this ap¬ 
proximate formula is less than in this assumed case. 

With the torque determined, the watt loss by eddy 
currents p may be computed from the known speed of 
the rotating fleld. 

p = 2 TT ft (10)-^ watts. (2) 

This use of a bifilar suspension assumes that there 



IS ^ no torsional moment in the suspension and for 
this reason silk threads are preferable to wire in 
.constructing the suspension. 

All cable samples were bound at each end and in 
the center before being cut from the piece. This 
was done to keep the strands as nearly as possible in 
their normal condition. The lashings were not dis¬ 
turbed during the test. 
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3. Same as in (1) except that sample was cut from 
a cable having asbestos tape separating the 18-strand 
layer from the 12-strand layer. 

Reference to Fig. 5 shows the eddy current losses 
are very considerably decreased from normal by use 
of asbestos tape between the eighteen-strand layer 
and the twelve-strand layer. A greater reduction is 
effected by taking the bare cable and impregnating it 
with sulphide solution followed by baking. The effect 
of this impregnation is’ to form an insulating film of 
copper sulphide on the individual strands, thus re¬ 
ducing the eddy current losses. An examination of 
the samples after treatment showed thorough im¬ 
pregnation of the cable by the solution. The in¬ 
dividual strands had copper sulphide coating of 
uniform thickness and at only very few points was 
the bare copper visible, thus indicating that adjacent 
strands had been in exceptionally close contact. To 
determine if the sulphide coating would withstand 
bending of the cable, strands were bent until the 
sulphide coating cracked off. It was necessary to 
bend to a radius of one or two inches before this re¬ 
sulted. The sulphide solution selected consisted of 
a 10 per cent solution by weight of sodium sulphide. 
To every 100 parts of this solution, 5 parts by volume 
of sulphuric acid (specific gravity 1.20) were added. 

Samples of cable were bent to arcs of circles of 14-in. 
and 18-in. radii respectively, and were then straightened 
and eddy current loss again measured. One sample 
was bent to a radius of 14 in. ten times in s accession. 
In this instance the losses were smaller than after one 
bending. This was probably due to the fact that the 
strands in the cable started to bulge and consequently 
were in less intimate contact. Table I gives the 
comparative results of the series of tests made under 
the conditions described above with excitation of two 
amperes per phase in all tests. 

Sources of error to be avoided are: 

1. Burring of cable strands in cutting sample. 

2. Failure to suspend the samples in center of field. 

3. Disturbance of strands of sample from their 
normal position, by bending or careless handling. 



446 


JAMES A. COOK 


[Feb.lS 


With suitable precautions, the results of the tests 
with apparatus described herein are correct within 
5 per cent and serve to demonstrate the effectiveness 
of the various methods of treating stranded cable to 
reduce eddy current losses. 
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Discussion on “Measurement of Relative Eddy 
Current Losses in Stranded Cables” (Cook), 
New York, N. Y., February 18 , 1921 . 

J. B. WhiteheadThere are two features of this 
paper that are striking. The first is the method. 
The author does not claim that the method is new. 
It is in fact quite old. But I think that every instance 
of a method in which power is measured in terms of 
its simplest elements, is interesting. As app ied here 
it is a particularly elegant method, one for determ¬ 
ining what the author has called the relative eddy losses. 

The second feature of interest is the nature of the 
losses measured. Where would one find in practise a 
stranded conductor placed in asymmetrical rotatingfield. 
Perhaps this question should not be raised since the 
method is claimed as being one to measure relative 
losses only. If the conductor is perfectly symmetrical, 
then the losses as determined in the rotating field 
would be proportional, it seems to me, to the losses 
in a single-phase unidirectional field; and therefore 
these measurements probably give a correct indica¬ 
tion of relative losses in any unidirectional field. 

If we look at the problem of the determination of 
losses in a unidirectional field, there at once comes to 
mind one of the early methods used for losses, namely, 
the _ calorimetric method It seems to me if determi¬ 
nations are to be made on short samples, such as we 
have here, it would be re atively easy to insulate as 
regards heat, and by such a method measure directly 
eddy current losses for unidirectional fields. 

R. W. Atkinson: The method that Mr. Cook 
has outlined is very interesting and seems a very con¬ 
venient one for measuring the quantities which are 
actually measured and it seems to have been very 
successful for this purpose. That is, it should give a 
relative measure of the eddy current losses in conductors 
due to alternating magnetic fields caused by currents 
external to the conductor itself. 

However, I believe the method as described is not 
suitable for measuring eddy current losses in concen¬ 
trically stranded cables as used for transmitting 
electric power, that is in other words, for measuring 
the skin effect in such conductors. Thus, the author 
shows that insulating the strands of a conductor from 
each other will reduce the eddy current losses under 
the conditions of this measurement. However, it 
can be shown quite simply that the insulating of the 
strands does not affect the distribution of current in 
the case of such a conductor while carrying current, 
except as the distribution may be affected by fields 
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metrical rotating field is proportional to the elfect of a 
pulsating field. Under many usual practical conditions 
of operation where eddy current losses are significant, 
the field is pulsating rather than symmetrically rotating. 
However, I note that Professor Whitehead agrees that 
the method of measurement is probably applicable to 
these practical cases. 

Mr. Atkinson brings out the point that the method 
does not apply directly to losses set up in a single- 
conductor cable due to its own electromagnetic field. 
While this is entirely correct, the method is brought 
forward particularly to permit calculation of relative 
eddy current losses due to dense external fields, as 
encountered, for example, in the conductors of current 
limiting reactors. It is of interest to note that the 
method may prove of value in the case of the losses 
in a straight cable due only to the field set up by its 
current. 
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OF COMPLEX WAVES* 
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I MPROVEMENT in an art requires perfection of 
detail. Investigation of the .details is often 

■ 

delayed, even though the procedure may be well 
understood, by the large amount of labor involved in 
handling cumbersome formulas or mathematical 
processes. The fundamentals of alternating-current 
theory are based upon a pure sine wave. More 
careful analysis considers waves formed of many 
multiple frequencies, which are found to exist in most 
practical applications. Thus not only the fundamental 
sine, but its higher harmonics, must be dealt with. 
The process of splitting up any known wave into its 
various components is well understood, but is slow 
and laborious if more 'than one or two harmonics are 
required. In present methods of analysis, it is at 
once striking how many jcombinations must be made 
to obtain the result. In mathematical methods this 
involves the calculation of a host of sums and pro¬ 
ducts, elementary in form, but laborious in procedure. 
Methods of selected ordinates require many readings 
of ordinates from the curve, different sets being 
required for each harmonic. Graphical methods re¬ 
quire a large . amount of constructional detail. 
Machines involve changes of gears or pulleys, and • 
many tracings of the curve. • 

The great ease with which electric circuits may be 
combined by njultiple switches, and the accuracy with 

* This Eleotrio Analyzer was designed and manufactured in 
the Research. Division Laboratories of the Electrical Dept., 
Mass. Inst, of Technology, where it has been in successful use 
for some time. ^ ^ ^ 
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which electric measurements may be made, at once 
suggests the use of an electric network with some 
adjustable members to solve the curve under analysis 
(Bibl. 44). The device about to be described repre¬ 
sents^ one way in which this may be done, and gives 
sufficient promise to indicate the possibility of great 
speed and reasonable accuracy with machines de¬ 
veloped along these lines. 

Theory 

The electric analyzer is based upon the schedule 
method of analysis, so called because the mathematical 
processes may be combined in a schedule and save 
duplication of operations. The fundamental solution 
of Foi^ier s series, upon which it is based, may easily 
be derived as follows: 

The series: ?/ = Co + s c„ sin [?^ 0 may be 

transformed to 

^o + UlKcosn 6 + UnSinn 6] 

When substitutions are made of: 

~ + b„^ and = tan”’^ 

L J 

In all of which expressions a, b and c represent co¬ 
efficients of the different terms, n represents the order 
of the term, or harmonic, and is any integer, and d 
represents the time function usually expressed by co 
is the phase angle of the harmonic, elifninated in 
the second expression by the introduction of both 
sine and cosine terms (Bibl. 4, 5, 6, 13 & 18). 

If. the area of the curve under analysis is the same 

on Imth sides of the zero line, then the term Co vanishes. 

If the curve is symmetrical with respect to its axis, 

then the even harmonics must be absent, and the 

values of n will be odd only. As these conditions are 

oth ^ true in most cases of alternating-current 

m^hmery, they will be the only ones herein considered 

By proper manipulation and integration, it is 

found that the coefficients sought are represented bv 
the integrals: ^ 

bk = l/TT j ycosk 6 d 6 


and 
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1921] HARMONIC ANALYZER 455 

it is probable that no harmonics higher than the 13th 
exist. The labor required to solve a curve by the 
schedule method rises rapidly as the ordinates or 
harmonics increase. The rate of increase of labor is 
at least proportional to the square of the order of the 
highest harmonic. Schedules as high as 35 ordinates 
are given in the California Railroad Commission 
Report (Bibl. 21). F. W. Cover (Bibl. 18) has also 
furnished some interesting data upon the error to be 
expected from neglecting higher harmonics which are 
present. His results seem to indicate that unless the 
neglected harmonics are very prominent, the error is 
chiefly confined to the highest of the harmonics 
determined by the schedule method, but an analysis 
of a series such as given by a rectangular wave where 
the harmonics theoretically extend to infinity, and 
which requires a relatively large number of terms to 
approximate the curve, will give an error in all the 
harmonics determined by the schedule method for 
eleven ordinates, the error increasing in magnitude 
as the harmonics determined increase in order. In 
general, if the schedule method is used intelligently, 
and with a knowledge of its limitations, it affords a 
very satisfactory method of analysis. 

The Electeic Analyzer 

The new electric analyzer here described is based 
directly upon the schedule method, and is in substance 
an electrical network arranged to give the same result 
as that obtained by the mathematical processes. If 
an e. m. f. proportional to the ordinatej/, is impressed 
upon a conductance proportional to the sine or cosine 
of the ordinate angle A: d, then the resulting current 
is proportional to their product, and it will be seen 
that this corresponds to one of the terms of the summa¬ 
tion it is necessary to evaluate. Thus: 

Let: e=Kiy and R — 1/sin k 6r 
Then / = K^ysin k dr 

If a number of such circuits are connected in parallel, 
then the total current flowing will be the sum of the 
currents in each Circuit. Thus, if a five-ordinate 
schedule is used as a basis, it will be necessary to have 
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five adjustable voltages representing each of the 
measured ordinates, and a succession of resistances 
representing the various values of sines or cosines of 
the various angle multiples. As the ordinates remain 
the same for each curve, and only the angle functions 
change, it is evidently possible to have one setting of 
the adjustable voltages hold for the whole of one 
analysis, and the required values of resistance may be 
thrown in by multiple switches. In the use of the 
simpler schedules, dial switches may be used, but for 
more complicated schedules, gang switches are neces¬ 
sary to eliminate circulating currents. It will be 
understood that the current used for obtaining the 
solution of the schedule is direct current and bears no 
relation to the alternating-current wave under analysis. 



3aveXl?tlv alternating-current 

ofTt .an oscillogram must first be taken 

of It and then ordinates measured at the proper in- 

ervals, exactly as would be done for the ma thematical 
schedule method. ^uatnemancal 

principle is shown in Fig. 1, where 
^ee slide wes are used to provide the variable voltage 
and the sliders are connected from the sliding contacte 

connected the indicating ammeter. Slide wires arp 
e simplest means of obtaining variable voltage but 

of course are subject to the obiection 

is drawn nff o+ A injection that if current 
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error involved in the assumption that the voltage is 
proportional is given by the equation: 


Error = 



Rx 
r I 


where R is the resistance of the slide wire, r the 
resistance connected in series with sliding contact, 
X the position of contact and I the length of slide wire. 

Thus it will be seen that if the series resistance is 
500 times the slide wire resistance, the error is 0.1 per 
cent. . As the accuracy of any harmonic analysis 
seldom exceeds 2 per cent, an error of 0.1 per cent is 
entirely negligible. Another point that brings in a 



Fig. 2—Wibing Diagram fob 5-Oedinate Analyser Giving 

1st, 3rd, AND 5th Harmonics 

The dial-switch is turned to proper point and coefficient read on meter. 
The switches marked S, S, S, are mechanically coupled so that they move 
in unison and are thrown to the right for fundamental components and 
the left for 5th harmonic. Slide wires 2 ohms each. 

difficulty is the fact that some of the angle functions 
are negative and some positive. Therefore, either 
the voltage or resistance must have two signs. Since 
negative resistance cannot be obtained for this purpose, 
it is easier to use a middle tap for the ammeter return 
circuit on each slide wire. As these middle taps will 
.all be of the same polarity, there will be no current 
flowing and the position of the slider to the left or 
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right of the middle tap will give an e. m. f. of opposing 
signs. Fig. 2 shows the connections for a five-ordinate 
analyzer, the slide wires being folded back at the 
middle point and two sliders being used, so that they 
may both be attached tP the same member of the 
device, and the same scale setting used for either 
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the smallest sine is 0.50. The largest is 1.00. There¬ 
fore, if the smallest resistance corresponding to the 

sine value of 1.0 is 1000 ohms, the largest resistance 
will he: 

1.0 

X 1000 = 2000 ohms 

The analyzer shown in Pig. 2 will analyze any wave 
not containing higher than the fifth harmonic and 
one where the wave does not cross the axis within 
a half cycle, or, in other words, which has no negative 
ordinates, as no provision is made for ordinates of 
more than one sign. This may be taken care of very 
simply, however, by introducing a reversing switch 
in each slide wire, which is thrown over when a nega- 
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tive ordinate setting is required. The majority of 
curves met in ordinary practise do not require this 
additional refinement. 

Construction of Eleven-Ordinate Electric 

Analyzer 

The eleven-ordinate analyzer based upon this 
scheme is shown complete in Fig. 3, and connected 
for operation in Pig. 4. The double slide wires, similar 
to those in the five-ordinate diagram, are wound upon 
maple plywood disks, six inches, (15.25 cm.) in dia¬ 
meter, with a projecting flange for manipulation. 
The edge of the disk carries a scale divided into 100 
parts for the length of the slide mre^ which is a little 
less than the periphery of 18.8 (47.8 cm.) inches. The 
three connections to each slide wire are made by 
flexible cables and carried to busbars along the xmder 
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part of the face plate, as seen in the fron't 
Fig. 6, showing the slide wire disks asseiiafc>l^‘* ‘V* 
the face plate. Each disk projects througli tli* ' ',y 
plate, and the scale reading against a set-bi^^' ^ ^ ‘ 
painted on the face plate, is read through a “ 

^ot beside the flange, as may be seen frorra •. . 

The sliding contacts are mounted upon a. 
platform on the bottom of the face plate jus* ' 

the busbars, and consist of two phospb. or--J 
springs per disk, bearing upon the two parts <>f ^ * 

slide wire. The slide wires are made of No 25 T'- 
resistance wire having 1.65 ohms resistance eacli, o u • ■ 
being connected in parallel, give the whole slido ^ ' 
system a resistance of 0.15 ohms. The resist!iJ" ** "* 
representing the angle functions are placed alonu: » F ‘ 
inside of the containing box. The resistances .'o > 
h%h-resistanee wire upon fiber si>< ” ** 
inches (6.35 cm.) long, with H-inch fl-ST-crii 

f flanges, Each 

consists of two sections, the bottom section for 
nection to the negative contacts and the tojp 

positive contacts. For mnk i i c., 
in n gang switches are mou ri I «*» s 

sLLT?® **■ 

five crnsqn consist of a brass rod wit is 

each side. The jaws are all insulated from each ot J m -r 
so that closing the switch to either side clo^e^ VrJ 
circuits and connects them to a common bus. ^ 

left foJ tS ? ^^P^esents one harmonic, closed to th. • 
tt for the sme component and to the right for f i**. 

srs™ •'" *0™ i" Vi 

It IS set for the fifth sine component. In this narti^, i. ’ 
front edge ot pite r 4 *rT'ire 3 e 

StTtt “l™ resulting from ‘' 

batte^g cfrenit ton «-.■ 
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The complete wiring diagram of this instrument is 
shown in Fig. 6, and the resistance data are given in 
the appendix. 

Method OF Operation 

The current chosen for the slide wires depends upon 
the instruments available. In Fig, 4, the battery is 
connected through an auxiliary resistance for adjust¬ 
ment and about 0.20 ampere per slide wire was used 
in the tests given below. The meter for reading the 
harmonics was a Paul unipivot milliammeter, the 
scales of 20 and 2 milliamperes maximum being used. 
It does not make any appreciable difference what the 
resistance of the meter is, so a meter of this type is 
very convenient, as the sensitivity may be increased 
by multiples of ten by simply turning a switch; and thus 



Fig. 6 


the smaller harmonic components read with greater 
accuracy on the meter than is warranted by the 
method. If the current in the slide wires is increased 
five times, which is allowable, the meter required 
would be a 200-milliampere maximum reading instru¬ 
ment which is of commercial size. The slide wire 
current will still not be in excess of that easily furnished 
by a portable storage battery, so the auxiliary devices 
required are of easily obtainable nature. 

To make the analysis, the instrument is first cali- 
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brated. This is done by setting the disks for a pure 
sine wave. Red marks are provided upon the scales, 
so that this can be rapidly done without reference 
tables. The first gang switch is then thrown to the 
left, or fundamental sine position, and the resistance 
in the battery circuit adjusted until the meter reads 
100, or any other convenient amount. All other com¬ 
ponents should be zero. The switches are then turned 
successively through the other positions, and 
if the meter reads zero for all of them, it indicates 
that all connections are correct. This is a very rapid 
and invaluable check, for it can be made quickly any 
time and is an almost infallible indication of any open 
or short circuits, or poor contacts. All the resistances 
used in the sine fundamental position are used again 
in some other position, so that it includes them as 
well. Of course, it will not indicate poor connections, 
etc., that may develop for different ordinate settings 
but this has proved to be a very rare occurrence. 

The eleven disks are next set to the values read 
from the curve, which should be done with some scale 
which will give the maximum ordinate a value of 80 
to 100, or some decimal multiple of it, in order to in¬ 
sure the greatest range of slide wires, and thus obtain 
the maximum accuracy. If the battery current has 
remained the same, the readings obtained upon the 
meter will then give the values of the harmonic com¬ 
ponents directly, in terms of the fundamental sine 
wave used for calibration. Thus knowing the relative 
values of the scales used, the actual values of the 
coefficients may be easily determined. The readings 
are obtained by simply throwing one switch after the 
other, first to the left and then to the right, then re¬ 
turning it to the disconnected position and passing to 
the next switch. No change has to be made in the 
slide wire disk settings until another curve is analyzed. 

Usually the relative magnitude of the harmonics 
is of more interest than the actual magnitude. This 
may be obtained directly from the instruments by ad¬ 
justing the slide wire current, and this appears to be 
the only type of harmonic analyzer where this can be 
accomplished. After the disk settings have been made. 



r\ 


ri:i^ ;i- ?ur 

*'» >’,i.::’... t . : fuLuaii juI al ■'.\Ufrli i 

'fa'Ma!=a. » r,.' a<• i: !it!;, t h»ai Ma ri‘ i laiiri'ifj 

'ara./a-. ,. ia . / ! rM . ait a, ? I'.a I nal t‘r f'raJ i 

I a.. .a !• ’ !l;i' ..■ a. llila.a ihan V‘i\a;s liii' 

a,if! .' M*'‘ ‘ tlirrifi) ia pti'i'riif ;u'a m 1'I lia fund- :; 

a, . 1!.^ , i III a .«* f if}u aiMI t«iiiiau.afa . t hr uliurin^ 

I ! |’i;ai.* V'-fitrf] s rwp in avn-r. hj, \Ufh lliu 

ntU!Mt,»,ii' 1 -! < f.rj’U'.utr). in ii/ual au:iVy:-i" 

hv 

t'ljj'iuir .;\nAi.Vi^i:i: 

'I'f-r /r » rrir mi' t». n iiiad** Uj datri’Uiiiir < 

If I U''*''.' ?a *'}j auall.af' A . illlplu 

ri.n,a» a • f *..-ra ., - r. an in 1”ahl*' ill, Thu *,iiily 

a I ' !?»’ : n ,? hr t tu- I ! tti naM'rrfiirirnf . 

I;, rhr n r, r",rrf*r Ui. .fir' val'ii».‘ r.*i' h-! fhi^ r»^:i|;''.f.aiirU:H 

i-...-nr^i’rn-ri f»-r thi- rMiahiituiiriu, and if. 'Aill .hir iiutiml ; j 

!,tuif thi i rrri,>i n- I'r'itrair.h in ai! riaM filin'-', lurmasiiinly : 

t.f"yii.i:n » »arihifauirfi rf iruin wwv arialy/uif, ain.i i! 
vriil !'#*'■ rrn !h,n fh»- ina^iffiiiiii i‘rrrir lirmr.. ifi TulT* 

I and ainmuh' ft - h V l'»1' nufil. M'TiU \a!ii4‘ fur nmiu 

Aa/ rhurifaii U\ ’Arrliijy Mii! Hir nnlintiiiln^ 
iiti'f Irai uhrii a ral» uiaUny niarfrinu ami t!iu • uhfaiiniiy 
Ila* hr'! y**,ih!r a» rufat > lyv Hir. innfhmh it la 
infr.fr'aii.jn ta- itrar ifiai in T'a-ldm I\ and ,X far tin* : 

iiiafauilar and rrrt aiund.ir wi^w , naif Ini' itirfhad yt\r.‘ 

a* » un^r Ir ,uh , dnr to ?t|U hallftrUlr? llil* lltll 

hrin^^ nr/frrfrd, afai On,,*' mI rur\ia. ha\ iiiy ;ui 

infuatr niiiiif*rf *4 ihrorrijrai tnrina. d*ati!na \ll and 

\ II! i,*! '. >' till' .ii.ul;, ■.r‘‘ ‘if all Miiiiiiaij tran;.ftiriiH‘r 
liiav'iirti.'iiii.' I'uiji'iit v.a'.i'. and a jn-i'idiar waM- iitada 
,,j. i.f .1 thf itii a iiJii-Mmi't*.'di..t'*>ld ilMimi: iliJii'- 
M'lii iiiaaujid fri'Hi ti>*‘ fiiiTininnii- I'titidutiiHii nt a 
.•li'i'ii'Miii' ^ai'UJUn liiltn wnh alliTiialinjf aiirrnid 
tiUi<r«'’'.Hrd ui»*iii ill*' lilali' ncfnil. 'nifsi*' twn cuians 
,»ri> huinlar «m f (ii. f .vs«.>t tiii'i vvj(h in inacJiHa, and 

fiinw .)inU' ^'imd aifuniry, ihn inaximuin ••rrnr li*'ini.r 
:i Md i*i-i ««i»t HI t}'*’ a*!* harnmiiif anti l.HH {ht '■•■nt 
111 til*’ 'itiii’i hai'inMiiii*f>, 'I!i»‘ la+>i hnriJitiiiir within 
i,tii,-i‘ ‘.f till' "i-itfilulf will alw'a.v.'’ S'ivi- tin- !an.'i'4 
< h.Uii 1 - fi'i iTr'-r a. a im-aitt. that tuily mn- puint iht 



464 


FREDERICK S. DELLENBAUGH 


[Feb. 18 


cycle is determined, and this is just the requirement 
for determining the size of the component. Thus a 
small error in measurement of the ordinate or setting 
of the machine will introduce relatively large errors in 
the results. 

From these tests and the underlying theory, .the 
conclusion may be arrived at that for the usual type 
of curve an accuracy of 2 to 3 per cent may be expected 
from this type of instrument, which is sufficiently ac¬ 
curate for most practical requirements and compares 

TABLE I 

Data on Resistance Coils for 11-Ordinate Harmonic Analyzer. 
Arrangement of Coils: 

Coil No. Resistance Taps. 

Top Sections. Plus Connection 


1 0 — 518 — 707 — 1938 

2 0 — 500 518 — 577 lOOO 

3 0 — 707 — 

4 0 ~ 577 — 1000 — 1938 

5 0 — 518 -- 707 — 1938 

6 0 — 500 

7 0 — 518 — 707 — 1938 

8 0 — 500 — 577 

9 0 — 707 — 

10 0 — 500 — 577 — 1000 

11 0 — 518 — 707 — 1938 

Bottom Sections. Minus Connection 

1 0 — 518 — 707 — 1938 

2 0 — 500 — 577 — 1000 — 1938 

3 0 — 707 

4 0 — 500 — 518 — 577 ' 

5 0 — 518 — 707 — 1938 

6 0 — 500 

7 0 — 518 — 707 — 1938 

8 0 — 518 — 577 — 1000 — 1938 

9 0 — 707 

10 0 — 500 — 518 — 577 — 1000 — 1938 

11 0 — 518 _ 7Q7 — 1938 

favorably with other methods of analysis. The error 
in the highest order of harmonic within range of the 
machine may be somewhat larger than this if the har¬ 
monic is prominent, but this is a characteristic of the 
method and not the particular instrument. The errors 
are all calculated against the value of the fundamental 
sine, as this is the fairest method. The importance of 



Connections of Kesistances for Different Components in 11-Ordinate Harmonic Analyzer, 

Order of Harmonic 


1921 ] HARMONIC ANALYZER 


iH 

Cos. 

• 00 . 00 • .00 • .00 

’IT! ’ £? • «M CO *0 • rH 

• »0 “OS • rt Oi ‘In. .to 

• • iH • M rH • ^ # 

00 • b* . M . *00 *30 • 

rH *0 • CO cw ‘CO * iH 

IQ ‘tNi *0Q *03 * iO • 

• • tH • fH • • 

* • 
.9 

m 

52 . N . 00 . 00 . b. . 

CO * 0 • tH . iH . O 

05 • t> .10 • »o . fT . 

irH • • • • . 

• 00 * 00 * 0 * 00 * 00 

• CO • rH *0 • tH * CO 

• O -IQ *10 • ^ *0 • 

•iH* • • 


• 

' en 

O 

Q 

* ‘B *10 * C5 V CM b- 

•Hp 'Ofl *0 ‘do 

• 1-.^ b* . b* -to 'Mb. 

N «M • O * «M b* • b* «H 

p p -.o ■ p p • o P • 

NM "lO ‘IHb. "b-M 


.9 

on 

* • * • • 

‘ *B • o • 'M i> • b. 

p • p p *0 'do • o 

b“ *b.M .iO .(Hb* *b- 

• * _ * • « 

• CD * In • In * 

• o -HO * o q *0 * 

• 40 * • !>. * 40 • 

In 

« 

ur* 

O 

o 

• • IN O • 00 • • IN 00 

• *00 • "INCO 

•INO • *^005 

• * iH • • • fH 

00 IN • • 00 , • o N • * 

CO In • • rH tH * O O * * 

0340 * *40^ *0^ 

rH *• •• 


d 

•1*^ 

02 

CO • • 00 ■ 00 IN • -00 

^ ^ • CO IN • * iH 

iO • • 10 Ci - 03 ^ • * lO 

• • rH • • • 

• O IN * *0 * • O • 

• O O * * O * *00 • 

• O * * IQ • * N o • 

•rH *• 

10 - 

in 

O 

O 

OO • • o 00 . • . t>i . 

CO * * O ' *M * * O b“ * 

P ‘ ‘Oiod • - 

• b- b. • • .00 0- -00 

•b-O * 'Imiho. • 'CO 

. to b. • • P lO o • • 05 

• • "M iH . "rH 

* 

CQ 

OOO • *00000 * *000 

rHO • ‘COOCO • *OtH 

lOO • *OV003 * *0^' 

vH « • r*i . • rH 

* * In In * • • • * 

. . o b- • * * b O • • 

. .b.10 . . .lOb* • * 

• • • • • « • 

! 

w 

o 

o 

* 

N C • . * cJ b. O b. Cm * 

Op • . •noooo 

b. M • . • M b. lO M • 

• • * * 

* *B 9 Jr ‘p * * ’ *B 

• ppppp * . .po 

•Mt>«lOlNlH * • 

6V 

* 

fl 

•rHi 

m 

» ■ » 

jTiSiir'B • • •CHb.ob 
OOOp • • ‘POOO 

b* lO K h-( • • ■ M b* lO 

• • * • • • 

*• • • IN O t*- <H * • • 

• * • fl o o o q • ♦ • 

* * * IH IN 40 fH • • • 


m 

o 

Q 

• • 

-p 

fl ^ 

9 -9 
g ^ 

A 

9 

(3 

OONb-OCO . . . • . . 

(Hb-OOCCtM * • * • . 

»0 10 b> O 05 p. 

t—I iH M • • • • . 

P 

o 

^ —.-.n ....... .—. 

.. CO o b* b 00 

. «H CO O O b iH 

a .pcnobioio 

g • • • * * M iH iH 

*H 

o 

o 

S3000b.b*00000b.b.000 
m gcOOOb.rHOiHb.OOCO 
rdPooNioioioioiOb-oo 

o O rH iH rH 1 H 

OO 

a § 

Oj|-,,HNe0’it<10e0b«000>OrH 

r< W * iH rH 

Bottom Coils 
Minus Conns 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 






466 


FREDERICK S, DELLENBA UGH [Feb. 18 


TABLE III 

Curve of Equation; y * sin 0 + 0.5 sin 3 ^ 


Ordinates: 

ui U2 uz Ui u& V 6 U7 US U9 Ulo mi 
0.612 1.0 1.06 0.866 0.613 0.50 0.613 0.866 1.06 1.0 0.612 


Har¬ 

monics 

Electric 

analyser 

Calculated 

Error in per cent 
fundamental 

Sin. 

Cos. 

Sin. 

Cos. 

Sin. 

Cos. 

1st. 

+ 1.0 

0 

+ 0.9986 

0 

0 

0 

3rd. 

+ 0.5 

0 

+ 0.4996 

0 

0 

0 

5th. 

0 

0 

+ 0.0016 

0 

0 

0 

7th. 

0 

0 

+ 0.0016 

0 

0 

0 

9 th. 

0 

0 

+ 0.0003 

0 

0 

0 

11th. 

+ 0.02 

0 

- 0.0013 

0 

4* 2 * 0 

0 


TABLE IV 

Curve of Equation: y ~ sin d + 0,8 sin 3 0 + 0.6 sin 5 0 +0.4 sin 7 d 

+ 0.2 sin 9 6 + 0.1 sin 11 d 


Ordinates: 
U\ U2 


U3 


U4 


U5 


Us 


U7 


US 


U9 


Uls 


Uii 


0.978 0.587 0.388 0.297 0.307 0.250 0.307 0.297 0.388 0.587 0.978 


Har¬ 

monics 


1st. 

3rd. 

5th. 

7th. 

9th. 

11th. 


Electric Analyser 


Sin. 


+ 1.0 
+ 0.80 
+ 0.59 
+ 0.38 
+ 0.195 
+ 0.12 


Cos, 


0 

0 

0 

0 

0 

+ 0.005 


Calculated 


Sin. 


+ 0.9987 
+ 0.8081 
+ 0.6040 
+ 0.3884 
+ 0.1920 
+ 0.0990 


Cos. 


0 

0 

0 

0 

0 

0 


Error per cent 
fundamental 


Sin. 


0 

0 

- 1.0 
- 2.0 
- 0.5 
+ 2.0 


Cos. 


0 

0 

0 

0 

0 

+ 0.5 


TABLE V 


Curve of Equation: y = sin 0 - 0.8 sin 3 d + 0.6 sin 5 0 - 0.4 sin 7 0 

_ + 0.2 sin 9 0 - 0.1 sin 11 0 

Ordinates: 


Ul U2 
0.0015 0.013 


U3 Ui Ub Us U 7 psj 

0.035 0.048 0.623 1.55 0.623 0.048 0. 


U9 mo mi 
035 0.013 0.0015 


(Actual values twice theses values) 


Har¬ 

monics 

1 L 

Electric analyser 

Calculated 

Error in per cent 
fundamental 

Sin. 

Cos. 

Sin. 

Cos. 

Sin. 

Cos, 

1st. 

3rd. 

5th. 

7th. 

9th. 

11th. 

+ 1.0 

- 0.79 
+ 0.58 
~ 0.39 
+ 0.22 

- 0.12 

0 

0 

0 

0 

0 

0 

+ 0.9998 
“ 0.7980 
+ 0.5890 
~ 0.4030 
+ 0.2120 
- 0.1200 

0 

0 

0 

0 

0 

0 

0 

- 1.0 
- 2.0 
- 1.0 
+ 2.0 
+ 2.0 

0 

0 

0 

O' 

0 

0 
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TABLE VI 


Cui’ve of Equation: y = sin 0 + 0.2 cos 6 + 0.5 sin 3 0 + O.lcos 3e 

+ 0.1 sin 9 0 +0.2 cos 9 d 


Ordinates: 


y Ui Uq w ys yg yio yn 

0.806 1.073 1.342 0.666 1.130 0.60 0.042 1.066 0.919 0.727 0.560 


Har¬ 

monics 

Electric analyser 

Calculated 

Error in per cent 
fundamental 

Sin. 

Cos. 

Sin. 

Cos. 

Sin. 

Cos. 

1st. 

3rd 

5t]i. 

7tli. 

9th. 

11th. 

+ 1.0 
+ 0.49 
+ 0.018 
+ 0.023 
+ 0.013 
+ 0.011 

+ 0.18 
— 0.10 
+ 0.01 
- 0.028 
+ 0.21 
- 0.023 

+ 1.014 
+ 0.489 
+ 0.004 
+ 0.004 
+ 0.090 
+ 0.014 

+ 0.189 

— 0.098 
+ 0.003 

- 0.002 
+ 0.195 
~ 0.004 

0 

— 1.0 
+ 1.8 
+ 2.3 
+ 3.0 
+ 1.1 

+ 2.0 

0 

+ 1.0 
+ 2.8 
‘ + 1.0 
+ 2.3 


_ TABLE VII 

_ Ourve of magnetizing current in transformer 

Ordinates: 


vi m i/3 m m m vi m m yio un 
0.30 0.95 1.03 0.90 0.75 0.60 0.55 0.50 0.42 0.35 0.20 


BLO/r- 

Electric analyser 

Calculated 

Error in per cent 
fundamental 

monies 

Sin. 

Cos. 

Sin. 

Cos. 

Sin. 

Cos. 

1st. 

+ 0.812 

+ 0.22 

+ 0.8121 

+ 0.2165 

0 

0 

3rd. 

+ 0.199 

- 0.160 

+ 0,1933 

- 0.1492 

+ 0,74 

+ 1.23 

5th. 

- 0.027 

- 0.088 

- 0.0280 

- 0.0886 

“ 0.12 

0 

7th. 

- 0.041 

- 0.020 

- 0.0407 

! - 0.0179 

0 

. + 2.45 

9 th. 

- 0.041 

+ 0.017 

- 0.0401 

+ 0.0158 

+ 0.11 

+ 0.12 

11th. 

+ 0.019 

-t 0.038 

+ 0.0086 

+ 0.0233 

+ 3.32 

+ 1.85 


__ TABLE VIII 

Ourve of Sinusoid plus discontinuous peak. 


y^ yi y^ y^ y^ yi ys yd yiQ yn 
0.60 0.725 0.775 0.775 0.725 0.65 0.75 1.07 1.25 1.15 0.725 


Har- 

Electric analyser 

Calculated 

Error in per cent 
fundamental 

monies 

Sin. 1 

Cos. 

Sin. 

Cos. 

Sin. 

Cos. 

1st. 

+ 1.065 

- 0.165 

+ 1.064 

- 0.1630 

0 

+ 0.19 

3rd. 

+ 0.425 

+ 0.098 

+ 0,407 

+ 0.0940 

+ 1.7 

+ 0.38 

5th. 

+ 0.037 

+ 0.085 

+ 0.037 

+ 0.0833 

0 

+ 0.15 

7th. 

+ 0.044 

' - 0.012 

+ 0.040 

' - 0.0098 

+ 0.37 

+ 0.19 

9th. 

+ 0.025 

+ 0.005 

+ 0.0009 

+ 0.0050 

+ 1.88 

0 

11th. 

+ 0.037 

-0.020 

+ 0.0024 

- 0.0088 

+ 3.30 

+ 1 3 
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TABLE IX 

Kectangular Wave: 

y » sin 0 + 1/3 sin 3 0 + 1/5 sin 5 0 + 1/7 sin 7 0 + 


Ordinates are all equal. 


TTar- 

Electric analyser 

1 

Calculated 

Error in per cent 
fundamental 

JULClfJL* 

monic 

Sin. 

Cos. 

Sin. 



Cos. 

1st. 

+ 1.0 

0 

+ 1.000 

0 1 

0 

0 

3rd. 

+ 0.325: 

0 

+ 0.318 

0 

+ 0.3 

0 

5th. 

+ 0.178 

0 

+ 0.172 

0 

"4" 0 # 6 

0 

7th. 

+ 0.099 

0 

+ 0.101 

0 

— 0.2 

0 

9th. 

+ 0.058 

0 

+ 0.055 

0 

+ 0.3 

0 

11th. 

+ 0.055 

*4" 0.014 

+ 0.018 

0 

4* 3.7 

Hh 1 * 4 


NOTE, Errors in above table are calculated against the calculated 
solution of tbe wave, since the fact that higher harmonics are neglected 
introduces large errors in the schedule method and the error figures are 
Intended as a criterion of electric machine accuracy. 


TABLE X 


Triangular Wave: u = 4/^ (sin 0 - l/3g sin3 0 + 1/5^ sin5 0 ~.) 

Ordinates: 


m 


Ui 


vz 


m 


m 


U7 


m 




Ulo 


Un 


Har¬ 

monic 

Electric analyser 

Calculated 

Sin 

Cos 

Sin 

Cos 

1st. 

+ 1.27 

0 

+1.2805 

0 

3rd. 

- 0.143 

0 

- 0.1489 

0 

5th. 

+ 0.058 

0 

+ 0.0588 

0 

7 th. 

- 0.034 

0 

~ 0.0346 

0 

9th. 

+ 0.025 

; 0 

+ 0.0266 

0 

11th. 

- 0.018 

— 0.001 

- 0.0222 

0 


Correct 


Sin 


+1.2732 

- 0.1415 
+ 0.0509 

- 0.0259 
+ 0.0157 

- 0.0105 


Error per cent 
fundamental 


Sin 


- 0.3 
+ 1.2 
+ 0.8 
+ 0.8 
+ 0.9 
+ 0.7 


Cos 


0 

0 

0 

0 

0 

+ 0.1 


cnat me errors m the calculated values are 
of the same magnitude as those in the electric machine. The percentages 
in e error column are calculated against the correct coefficients 
and therefore are chargeable in a large measure to the method rather than 

the electric device for interpreting it. 


TABLE XI 

^ CURVE IN 

WHICH ONLY ODD HARMONICS APPEAR UP TO THE 

ELEVENTH HARMONIC 

Note. The two half-periods will be similar, so that if the mean line bn 
taken tetween the highest and lowest points in the curve? t“ere wUl b? 

no constant term. For further simpUflcation the origin should be taken 
where the curve crosses the zero line “ “ * 

ortoate^rp? T 

fo\ mxT yo and yi 2 bemg each zero. 

( 2 ) Then arrange these ordinates as under: 

U2 UZ 1/4 Pfi P0 

Pli PlO pt) P8 P7 

Adding. „ _ 

Subtracting. . di d, dt 
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Note, Si stands for the sum of ui and yn; di for the difference between 
yi and yn. Great care must be taken as to + and — signs throughout* 

(3) Group numbers, to obtain values for use with third and ninth 
harmonics, as follows: 

Si 4* S3 — S6 s= ri 

52—56 = r2 

di — di — di = ei 

(4) Then select from the above numbers and put them in their places 
the table below, multiplying each by the sine set down in the left-hand 

column before it is entered. 


Angle 

Sine-Terms 

Cosine-Terms 

Harmonics 

Harmonics 



5 &7 



5 & 7 

Sin 15° = 0.2588 

51 


56 

di 


di 

Sin 30° = 0.500 

52 


52 

di 


di 

Sin 45° = 0.707 

53 

ri 

-S3 

dz 

ei 

-dz 

Sin 60° = 0.866 

54 


-S4 

d% 


-di 

Sin 75° = 0.966 

56 


51 

di 


di 

Sin 90° = 1.000 

56 

Ti 

56 

m m m 

-di 

■ t « 

Total first column 

m m m 

m m » 

i 

* m m 

• « « 


Total second column 

mm* 

m * m 


* « ■ 

* * * 


Sum 

6 Bi 

6 Bz 

6 Bi 

6 Ai 

6 As 

6 Ai 

Difference 

6 Bn 

6 Bg 

6 B? 

6 All 

6 Ag 

6 At 


Check: 

A1 "f" As -<46 4* A? 4-^9HhAii =0 
jBfi — Ba 4 Bs — B? 4* Ba — Bn ** p’s 


the harmonic is usually comparable with its relation 
to the fundamental, and any method of measurements 
from a curve cannot be expected to give great accuracy 
upon a harmonic which may have a magnitude of the 
same general order as the error of the method of ob¬ 
taining the curve or the measurement of ordinates. 
When the great saving of time is considered, what might 
be called the overall effectiveness of the instrument is 
quite great. 

Time Required for Harmonic Analysis by 

Different Methods 

Harmonic analysis may be effected by three general 
methods: 

1. Mathematical 

2. Graphical 

3. Instrumental 

The time required by graphical methods renders them 
practically useless except for determining one or two 
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harmonics. They have the advantage of pickine: out 

““““racy of the con- 

Helriri?™??* *“ 1 ™ i”»‘ramootal methods are the 
Hemci-Coradi machine Eibl. 65,65) and the West- 

mghouse-Chnbb polar analysa-, (Bibl, 61 S 
The tomer coasts of five glass spheres, rolling within 

to rSn^te Ira” displacement is proportional 

a tScerSi?^ frP followed with 

_ acer point. Motion of the tracer point in the time- 

^is direction rotates cages around the glass spheres 

the cages carrying planimeter wheels in contact with 

the spheres Thus the radius of the circle upon wS 

the planimeter wheel rolls is proportional tokn kO^nd 

e mo ion of the spheres is proportional to y The 

the Fourier integral given in the first part of the 

ThuTf two wheels at right angles. 

hus for one tracing of the curve, the sine and cosine 
components of five harmonics mav ho yiof • j 

R^ttipg of the polieysTZ Woft'r::^^ 

Sg of arc™.*” 

The W^estinghouse-Chubb analvser rpmi-imc? 

m polar fonn, obtained frorfheTowSgSZ 

be made of cardboard, 
mtaf- ^ ^ platen, which is given a combined 

rotetional^ and harmonic translational motion. An 

a m caring a roller traverses the edge of the template 

oL f planimeter in its extremity. After 
conaplete trace of the template the reading of the 

wSr^T if T- ‘=°'^Ponent of the harmonic for 

anotW ^ Gears are then shifted for 

tunatelv thf Process repeated. Unfor- 

Sfr to if’J t- ™® this is not 

Ssis done while it is grinding out the 

alysis. Transferring curves from cartesian form 


lur aiiiiiVM'i uri" ,i' 


“n f»r4Ml. 

H, U'rnhd* 

Ha l 4 r«| ^I-" 

H. iM’thil* 

1 4»p (*»!> :\|ii li 

* »»t \t« li 
h 4 h,r-*!ul*‘ 
IU-*Uh %hh 


I '* liiHs 


M « %\ »U* I- 

H « ' M,|). * 

I rt 5 0-, 

I'O . 

|i ^ Mill. > 

M » Mai^r 

H * Mill** 


111** ;ir*'‘ mH ..■■'uuiji;if:ili]^\ llii-v lunill ti*: 

i'tirfi;»ii i’‘i| fiif tin* I'Hiff till*'!" ul h,i,n'rii «ii|i'", »|r! i, 

t lir Lih*»r H Hut jil u|*uf'Uun.il it h fhu i||!fi''f**l!t liiwfo, 

Tti** for ttii^ t'tfnsili tin* ryru' 

4lrrii«ly ilriiwii. If tlir run r Ihi.h iu hr nihiW’tl from m 
«i«ill«*lini|iti liliii* liiltiitl liitir f?ir iIiim nhimlii hr 
iiii‘liiii***! 11|H fwii m*ln uf liiifii uri* tniiw!^! yjwiii Ifii'' 
fiiiiH f*sr fill* i*iii, tin* frtiiii 

till* rilim* tl4\IIIK ;ilrr;ply iM’fMl !|i4*i«\ ilfpl Iwilll? til*' 
Hlllfif* Hi rjirli «*;rw*, i*fHh Uitwn lirifii* fur muhm nf I fi*’ 
xmtr 111*' Hrh»»f|iili‘ witj^ |M*rftiritip*i 

iijiuii *1 i'ulruluUtm HHpliiiif*. It I’aii In* 

dfiiif* ijiiii'k«*r witti ii mh\ tmt Itii* rmirn in fin* 
rii'lfii* ruiii|tunf*tit*4 ;ir*» thrfi In In* vi*ry iffinit. 

t f 

In ruiiiliiHiiiin It limy In* iif t«i riiiiijmn* th** 

niit! i|iwlviintitgi*ii»if tin* itiffrri*fil iiiutlifwl'o 


m:mmnnM MiTiiriii 
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Fairly accurate within tbeo- Subject to error unless cal- 
retical limitations. culating machine used, par¬ 

ticularly in cosine components- 

Reasonably fast for a small 
number of coefficients. 

WESTINGHOUSE-CHUBB 

Requires cardboard template 
of polar form. 

Difficult to use with curves 
in Cartesian form. 

Requires separate trace for 
each component. 

Moderately expensive. 
Construction requires much 
machine work. 


Accurate 

Easy to operate 

May be motor-driven and so 
require little labor. 
Semi-portable 
Not difficult to obtain 
Easy to maintain 


HENRTCI-CORADI 


Accurate 
Easy to operate 

Quick 

Five harmonies completely 
determined with one trace. 


Requires large curve. 

Special table, tracks, etc., 
must be provided. 

Can only be manufactured 
by expert instrument makers. 

Expensive. 

Difficult to obtain 

Requires care for main¬ 
tenance. 

Not portable. 


ELECTRIC 


Easy and simple to operate. 

Moderately accurate and 
eliminates many chances for 
error. 

Very quick, as only one 
group of readings required 
from curve. 

Reads coefficients either in 
actual values or per cent of 
fundamental sine component. 

Easy to construct, requiring 
common materials and little 
expert workmanship. 

Inexpensive 
Easy to maintain 

Auxiliary apparatus of com¬ 
mon form. 


Subject to limitations in¬ 
herent with schedule method. 

Subject to usual difficulties 
of electric networks. 

Not extremely accurate. 


Number of resistances in¬ 
creases rapidly with order of 
harmonies. 

Requires storage battery 
and meter in addition to ana¬ 
lyzer itself. 
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Discussion ON “An Electromagnetic Device for 
Rapid Schedule Harmonic Analysis op Com 
PLEX Waves (Dellenbaugh), New York, 
N. Y., February 18, 1921. 

V. Karapetoff: This device is of considerable in¬ 
fer whiY? solution of the specific problem 

r,ix, ^ designed, but also as opening 

Sif of other electrical 

problems. Now and then we have to solve a system of 

differential equations, or algebraic equations of 
the first degree, maybe two or five or more, depending 

the problem, and this is a tedSSf 
u® hnow of a physical phenomenon, which 

eouatiSi^'of ^ ® ^ system of linear 

equations oi the first degree, then we can set that 

apparatus and let the laws of n We solve Equations 

To illustrate-in an electrical network with given 

given resistances, the 
Kirchoff equations _ for the unknown currents are 
amultaneous equations of the first degree. So if you 
want to solve the network, as a rule you have to sdve 
a ^stem of such simultaneous equations. 

Now, conversely, suppose that in some problem in 
engineering or m physics, we have to solve^a numbS 

not hrst degree; this may 

not be an electrical problem at all. Then, if we could 

experimental network of conductors with 

tS^2StaJfcP?of°tb branches and set the e. m. fs. and 

branches to represent the con- 

readinS 1^^® xi the ammeter 

directly the values of the un- 

S A * ^^®®'i *bis way we can make the laws 

v/ould be tediou? “ P'''’® "mathematics 

Mr. Dellenbaugh does not claim that his device is 

de^?prfSb■’^*® other methods and 

it is onlv OOP oTbbT^ X-Af T-b® bimself states, 

^®*^® of .fbe methods which has certain advan¬ 
tages and certain disadvantages. Perhaps the most 

to £ Skp?on Hnf ■ ^ b""fed number of ordinates, 

CO De taken on the given curve. But I hone that bp 

d^L'e ?ha? will rti ^bis idea and wi/develop a 
fhp hio-hno^ Will enable us to analyze harmonics with 

to tSaJto i^bl enable us 

tL Hop iJ? * account smaller irregulari- 

feentfom Pm^n harmonics. For instance 

whS? £« bS^^i ®’' ® on curve analysis 

^higher acoustics, where harmonics 

OI nigher order are of prime importance. This problem 
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of curve analysis will never be considered as completed 
until we develop an instrument by means of which 
the amplitude and the phase position of a desired 
harmonic can be obtained almost automatically with 
a comparatively simple setting of the device. 

A. E. Kennelly: When in laboratory practise only 
an occasional oscillogram calls for analysis, it is ordi¬ 
narily dealt with by some schedule method, and recourse 
to mechanical apparatus for deriving the harmonic 
components is not important. When however, many 
and frequent oscillograms have to be analyzed, the 
schedule routine becomes burdensome and tedious. 
In such cases, a device like that which Mr. Dellen- 
baugh has described in his paper becomes very useful, 
not merely because of the time saved in its use, but 
also because of the greatly reduced liability to acciden¬ 
tal arithmetical errors. The device does nearly all of 
the arithmetic automatically, and indicates the ans¬ 
wer on the dial of a milliammeter. If there is any 
question as to the accuracy of the results in a given 
recorded ease, it becomes an easy matter to repeat the 
analysis with the device, and obtain a check on the 
numerical work; whereas the repetition of the work 
of arithmetical schedule analysis, when carried to a 
number of harmonics, is often a sufficiently serious 
task to make the attempt unlikely. 

F. S. Dellenbaugh, Jr.: Ido not wish to claim undue 
credit of originality for applying electricity to algebraic 
solutions of equations. Mr. Arthur Wright, (Bibl. 44.) 
has done sonie beautiful work along these lines and 
built a machine which was not only capable of the 
solution of ordinary equations but which could also 
introduce empirical curves. In this machine 
logarithmic resistances were built by winding wire 
around a logarithmic shaped form, which then was 
moved along a scale, forming a sort of electric slide rule. 
A carriage supported other wires making sliding contact 
with a bank of these logarithmic resistances. The 
position of the resistance determines the coefficients 
of each term and the slope of the sliding wire deter¬ 
mines the exponents. By bending the sliding wires to 
special curves, variable exponents, and thus empirical 
curves, can be introduced. 

As Dr. Karapetoff remarked, the ultimately most 
desirable machine for harmonic analysis is one which 
will give all the desired coefficients of the various terms 
of the Fourier series, after one trace of the curve. This 
is the ideal which I still hold before me, and 
undoubtedly some day it will be accomplished. One 
method of doing this which has occurred to me would 
be to have a rolling carriage which moves in the 
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direction of the abscissas. This would carry a stylus 
moving in the direction of the ordinates. The method 
upon which it is based is the Kennelly^ or Fischer- 
Hinnen method of selected ordinates. With this type 
of analysis it is only necessary to add and subtract 
selected ordinates, but special ordinates must be 
selected in different places for each harmonic to be 
determined. Thus the rollers of the carriage could 
carry contact drums closing a circuit at the proper 
values of ordinates. The stylus could impress voltages 
in this circuit proportional to the ordinates by a drop 
wire and sliding contact moved by the stylus. If a 
fixed resistance and meter, of the Grassot Fluxmeter 
type, were connected in the circuit, then the reading of 
the meter after a trace of the curve would give any 
harmonic coefficient for which the parts were designed. 
A multiplicity of contact drums, circuits and meters 
would enable the determination of a multiplicity of 
harmonics. However, there are a number of practical 
drawbacks to this scheme, notably that the meter 
must be one with a large moment of inertia and zero 
restoring moment, which is a difficult thing to build, 
and maintain, and one of these would be required for 
each harmonic to be determined. 

There are innumerable ways in which harmonic 
analysis can be done, all more or less successful and 
practical, but all having some features of cost, time, or 
inaccuracies which renders them undesirable. It is 
extraordinary that a process which can be done in so 
many ways has no quick and immediate solution. 
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THE LIMITATIONS OF THE STOP WATCH AS 
A PRECISION INSTRUMENT 


BY A. L. ELLIS 

Thomson Laboratory, General Electric Company, Lynn, Mass. 


I N MANY scientific and engineering measurements 
the quantity, time, is an important factor. Its 
value may be required within widely varying 
limits of accuracy. A high degree of precision can of 
course be obtained with our present-day astronomical 
clocks in proper environment and their usefulness 
greatly extended by electrically relayed circuits. This 
method, however, is cumbersome, leaves much to be 
desired and is not generally applicable to laboratory 
measurements, not to mention the wide variety of 
field work. The result is, the more convenient stop 
watch is frequently the criterion used in judging in¬ 
tervals of from a few seconds to periods between ap¬ 
pointments with the dentist. 

Believing that the characteristics are not generally 
appreciated by the user, it is the purpose of this paper 
to point out the limitations of the stop watch in pre¬ 
cision measurements. It will not be necessary to dis¬ 
cuss such relatively classical adjustments as “isochronal” 
and “thermal,” as errors due to these sources are 
entirely masked by those due to the principle of op¬ 
eration, mechanical restrictions, and design. 

The several types of watches to be discussed will 
serve to illustrate the sources and character of the 
errors in those commonly used. Claim is not made 
that all types are shown nor is it the purpose of this 
paper to choose among the types. 

Applications 

A great majority of the stop watches made are sold 
to the non-technical public who put them to the use 
of an ordinary timepiece, and occasionally time 
sporting events. Obviously, they are designed and 

479 . 


480 . A . L . ELLIS [Feb. 18 

manufactured to meet the demands of this class of 
trade. As their use as timekeepers is of first impor¬ 
tance, they are made in many grades. To these grades 
are added the start, stop, and reset mechanism of the 
sweep second hand, and which in the case of a given 
make, is the same for all grades. Therefore, the limi¬ 
tations of a given type of stop mechanism of a given 
make are the same in the low and high-priced watch. 

As used by the technical public, the performance as 
a stop watch is the prime requisite. The accuracy of 
many scientific and engineering measurements is 
limited by stop watches’ inaccuracies. Designed to 
meet the needs of the non-technical public, where the 
stop mechanism is used a few times a year, it is not 
robust enough to stand up under the demands of engi¬ 
neering tests, as for instance, the calibration of watt- 
hour meters, where a day’s use exceeds several years 
non-technical use. 

Experience of over twenty years in a manufacturing 
organization, with over four hundred stop watches, 
(including thirteen makes and nineteen models), 
shows that nearly all are in the repair shop every two 
months and in cases where the use is more nearly 
continuous, as in meter testing, operation tests, etc., 
the repair shop intervals do not exceed two weeks. 

Cost Versus Time Keeping 

The ideas of the technical public as to what con¬ 
stitutes the best stop watch vary greatly. Many think 
the more costly the better. That this view, when ap¬ 
plied to a stop watch, is wrong, will be made evident. 

One of the big factors of cost of a modem timepiece 
is the adjustments for running in any position. Es¬ 
sential to these adjustments are the jewels of the train. 
Where the adjustments are approximate, only a few 
are required. Where the adjustments are to be pre¬ 
cise, many are required and the cost is increased out of 
proportion. Precise adjustments cannot be made 
without many jewels and high cost, but it does not 
necessarily follow that with a large number and high cost 
one obtains precise adjustments; this idea is common as 
any jeweler can affirm, and accounts for the catch-penny 
watches of obscure make upon the market. 
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The function of the jewels, as you all know, is to 
reduce friction to a minimum, that the energy imparted 
to the balance may be the same with each tick, altered 
as little as possible by the variable wear, as time goes 
on. The disposition of these jewels and their bearing 
upon the requirements of a stop watch will be con¬ 
sidered. 

A very important timekeeping requisite is that the 
balance in its oscillations shall swing unhampered in 
any way. This requirement is an inherent source of 
error for a stop watch and will be considered together 
with the jewels at this point. 

Fig. 1 is a diagrammatic sketch showing the disposi¬ 
tion of the principal parts to be jeweled. Starting 
with the wheel marked “barrel” containing the main¬ 
spring, the force of which acts through the center or 



Fig. 1 


second wheel, the third wheel, the seconds or fourth 
wheel, the escape wheel, the pallet fork arbor to the 
balance, the speed of revolution increases in the order 
named. The force acting upon the bearings to produce 
friction; however, is greatest at the slowest speed. 
The disturbance, due to friction and wear, is greatest 
on the fast moving bearings. The importance of 
jewels is greatest at the balance and diminishes as the 
barrel is approached. The practise varies greatly. 
The most common, and certainly the most important 
is a seven-jewel movement. These jewels are disposed 
two at each end of the balance staff, the roller jewel 
and the two jewels of the pallet engaging the escape 
tvheel. Of the two at each end of the balance staff 
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one acts to center the staff (ring stone), and the other 
to limit end play (end stone). Their general shape and 
the staff are shown at A. The diameters of the pivots 
are made as small as possible, in some cases 0.002-in. 
diameter, to reduce friction. The roller jewel in the rol¬ 
ler table is of special shape, varying in different makes. 

The next common arrangement is the fifteen-jewel 
movement obtained by adding ring stones to the bear¬ 
ings of the pallet fork, the escape wheel, the fourth 
wheel, and the third wheel. 

Seventeen jewels are obtained by adding two ring 
stone jewels to the center wheel. 

Nineteen-jewel movement is obtained by adding 



two jewels to the barrel between the barrel and its 
staff, or by adding two cap jewels to the end of the 
escape wheel staff. An additional number of jewels 
is obtained by adding caps to the remainder of the 
train. . 

Fig. 2 gives some of the more important character¬ 
istics of the modern escapement showing the escape 
wheel and its connection with the balance through the 
pallet and fork. 

The escape wheel is shown locked against the pallet 
stone R at position marked “lock.” The pressure of 
the mainspring at this point holds the fork against 
the upper banking pin. 

• The roller jewel marked “jewel pin” is shown car- 
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ried into contact with the fork slot by the balance 
rotating in a counter-clockwise direction. Some of 
the energy in the balance wheel will be expended in 
carrying the fork through an angle of from one to one 
and a half degrees, the angle of lock, backing up the 
escape wheel against the mainspring. At this point 
the impulse face of the escape wheel club comes in con¬ 
tact with the impulse face of the pallet jewel R and 
energy is transferred from the mainspring to the bal¬ 
ance carrying the pallet and fork against the lower 
banking pin, the jewel pin on the balance being re¬ 
leased from the slot. The balance then continues 
free motion until its energy, minus that of friction, is 
transferred to the hair spring where the spring reacts 
to return the balance and the operations are repeated. 
The balance swings nearly a full revolution to the 
right and to the left from its position of rest. The 
actual excursion depends upon the force of the main¬ 
spring acting at the escapement, (friction losses in the 
balance and other moving parts, etc., are neglected). 
In general, the excursion of the balance is 680 degrees 
of motion. The roller jewel is in contact with the 
pallet and fork through 60 degrees of its motion. The 
pallet fork moves through an angle of ten degi'ees. 
Of this angle, a degree and a half to two degrees are 
necessary for lock and drop. Through the remainder 
of the angle the escape wheel, and therefore the train 
are in motion. The corresponding angle of the balance 
wheel is. from 48 to 51 degrees.' From this it will be 
seen that the train has an intermittent motion, being 
in 'motion during the time that the balance swings 
through its center position at its maximum velocity. 
The train is in motion while the balance swings through 
0.07 of its excursion. The corresponding time is 
0.01 of a second, the period of the balance being 0.2 
sec. or a frequency of 18,000 beats per hour, 300 beats 
per minute. 

Ereors of a Mechanically Perfect Stop 

Watch 

From the foregoing, it will be seen that the sweep 
second hand of a stop watch is in motion but a small 
part of the time during an observation. In timing an 
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event the watch may be started just after the escape 
wheel has been released and stopped, just before the 
escape wheel is to be again released, in which case the 
time observed at the sweep second hand would be too 
short by one beat or Vs of a second. The start and 
stop can also be so timed that the error will be one beat 
too much. Therefore, two mechanically perfect 
watches used to time the same event may disagree by 
V.S of a second or 1.3 per cent in a thirty-second reading 
or both watches can be in error by half this amount 
plus or minus as the second limit. 



JocHey Cl ub 


Fig. 3 

Rate 

Watches to be adjusted to keep time with extremely 
small variations must of necessity have many jewels. 
The cost of such a movement is not warranted in a 
stop watch. First, because the load to be carried by 
the train varies considerably whether the sweep second 
hand is running or not, and second, because careful 
adjustments made at the factory are almost invariably 
destroyed when the watch is repaired by the average 
jeweler. 

An alarm clock without jewels can readily be regu¬ 
lated to keep time within one minute, in twenty-four 
hours. This rate for an interval of one minute, pro¬ 
duces an error of ±0.04 second. The inherent error of a ' 
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mechanically perfect stop watch is five times this amount. 
While the rate of an alarm clock as used is sufficiently 
precise for use as a stop watch, it is true that it cannot 
be carried about without seriously disturbing the rate. 

The addition of a few jewels properly applied as in 
the case of the seven-jewel movement removes this 
objection and permits even a closer rate adjust¬ 
ment. The addition of more than seven jewels serves 
only to reduce an already negligible error. 

Errors due to Methods of Application op Start 

AND Stop Mechanism and Mechanical Imper¬ 
fections IN some Typical Stop Watch 

Designs 

The simplest, cheapest, and perhaps the most com¬ 
mon stop watch is one without the usual hour and 



Fig. 4—^Jockey Club 
U nder tlie dial with hands removed. 

minute hands, having seven jewels. This watch, of 
Swiss make, is supplied to the trade under many names 
and models, differing slightly. The principle of opera¬ 
tion is the same in all cases. The sweep second hand 
and minute hand, if any, are started and stopped by 

starting and stopping the balance. 

Pig. 3 is a sketch showing how this is carried out in the 
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type known as “Jockey Club.” The balance and 
starting lever are shown in the stopped position. 
Pressing the stem, (not shown), starts the balance by 
snapping the starting lever about the right-hand screw, 
dragging the start and stop spring along the edge of 
the balance in the direction of the arrow, thereby 
setting the balance in motion. 

Pressing the stem a second time stops the balance by 
returning the lever to the position shown. 

Pressing the stem a third time returns the hands to 
zero by means of a “fly-back lever” and heart cams. 
These are shown in Fig. 4, a view with dial removed. 
The sweep second hand is removed from the small heart 
cam in the center of the plate and the small minute hand 
from the large heart cam. The fly-back lever as 

shown is ready to return the hands to zero by striking 
these cams. 

Frequent pounding of these cams by the fly-back 
lever which strikes a heavy blow enlarges the holes in 
the plate and in the heart cam sleeves, which are of brass, 
causing the sweep second hand to jump forward or 
backward on being started or stopped. 

The heart cams and hands cannot be rigidly at¬ 
tached to the staffs in this type of watch, as returning 
them to zero position must necessarily move the whole 
train, therefore, they are friction driven. The C-shaped 
springs seen on the heart cams provide this drive. One 
end passes around a pin at the point of the cam and the 
other end passes through a slot in the sleeve, bearing 
against the staff which is slightly recessed to prevent 

the heart cams moving along the staff. 

The C-spring is an additional source of error, for if 
tension is too weak it will not drive, and if too strong, 
friction with the staff causes a rolling action between 
spring and staff while being returned to zero, produc¬ 
ing a torque between the two members at zero. This 
torque results in the sweep second hand jumping ahead 
or back upon starting, the direction depending upon 
whether the hand returned to zero from the right or 
left. This error increases as the holes in the sleeves 
are enlarged. It is seldom less than Vs, usually from 
*/s a.nd frequently Vs of a second or more. 
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'i.t r ..tiurci* uf iTi-itr I'KiiiHHin lu all tyjias using 
aiii raMirii i uiiu* tu atihfsiun nf tiitTm'iit anmunts 
•n fill' il> liacK hniT and t-anh i*h»‘i‘k of the lufart 
'I'iu ^ l•uu•l'' till* .s\vff|i siM'tind tiand to in* jJulU'd 
I If hai'l. a ■ fill* Ihitark l«*V'or rt'ci’ilfs wiien the 
i farh'ii. Titis crriir wouiti still i’urtlier h«‘ 
-i d li> fiir niaeiiri izuiion of the liy-lfack l<>vt*r 
i-art I'atiis. «*ni‘i* rnagm'iiwii. it is practicully 
•ihle to reniiivf the last traec* t»f magnetistn un- 
‘uliiig is resorh'd to, wiiieh is out of the tjnestion. 
tnav'iiitude of this error ean hi' dett'nnined in a 
caso to, re}ieaiod!,v [ires,sing the stem while the 
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lalanoo is i»reveiitei| from rimning with the aid of u 
•aiiier.H hair finish, meatnvhile noting Ifie jiosition of 
ho sei-ond hami. The addl'd error, dtie to the f- 
ijiring. must la* nofi'd white the halnnee is free, as 
damn l*y trial iifter returning the hand to zero from 
he right an«i left. 

.'still another souree of error prem'nt in all types to a 
urenter or less degree is the ethM-l of the jar due to 
darting and stopidng operations upon the unhuluneeil 
weep seeond meint«*r. This eiror may priKluee a 
movement of the hand forwanl or Imekward when 
U art ing or when stopping. 
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Perhaps the most serious error in this t3T)e of watch, 
certainly the most disconcerting one for the engineer, 
is due to the method of starting and stopping. It is 
problematical at what position of the balance swing 
the stop wire will interfere with the balance as the 
starting lever retmms to the stop position. If the in¬ 
terference results in turning the roller jewel out of the 
fork so far that when started it will carry the pallet 
fork to the opposite banking pin, all well and good, 
but it sometimes happens that when started, the roller 
jewel just returns to the fork without enough force to 
carry the fork over, and the watch does not start. 
More frequently the roller jewel returns to the fork 
with just sufficient force to carry it over, swinging a 
short distance beyond, with the result that an appre¬ 
ciable time is required for the balance to pick up to full 



motion. As the isochronal adjustment of these watches 
is in general very poor, considerable error results. 

Pig. 5 is a back view of this type where the start and 
stop spring can be seen projecting slightly beyond the 
edge of the plate to the right. This picture gives a 
good idea of the general appearance and the relative 
positions of the starting lever and balance. 

Fig. 6 is a diagrammatic sketch of the new model 
Jockey Club. This model is without the usual hour 
and minute hands. The timing train runs continu¬ 
ously. The heart cams and hand are rigidly mounted 
on opposite ends of a staff forming the sweep second 
member. The staff of the seconds wheel of the tim- 
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ing train is hollow and surrounds the staff of the 
sweep second member. The parts shown in the sketch 
are in position ready to start. The operations are as 
follow: 

Pressing the stem, first removes the fly-back levers 
from the heart cams an instant before the starting 
lever moves away from the cone on the staff beneath 
the friction disk on the sweep second member. The 
removal of the starting lever allows the thrust spring 
to force the sweep second member downward until 
the engaging pin on the friction disk engages with the 
center wheel of the timing train, thereby carrying the 
sweep second hand forward in unison with the timing 
train. 

Pressing the stem a second time returns the starting 
lever to the position shown, striking against the cone, 
elevating the raising pin, which, in turn, disengages 
the engaging pin and stops the second hand. 

Pressing the stem the third time causes the fly¬ 
back levers to strike the heart cams, returning them to 
the position shown. 

Errors most noticeable in this type of watch are due 
to play in the bearings of the raising pin, aggravated 
by the hammer blow action of the starting lever. The 
friction disk to which the heart cam is attached is 
clamped between the end of the raising pin and the 
thrust spring. During the process of engaging and 
disengaging with the center wheel, the downward 
motion of this disk forces the cone along the surface 
of the starting lever, resulting in a torque at the disk. 
This is further aggravated by the fact that the thrust 
spring, in moving up and down, produces friction 
that is not applied radially. These torques cause the 
sweep second hand to jump forward or backward when 
started and when stopped. 

As previously pointed out, the timing train has 300 
positions of rest per minute and is in motion 1/lOOth 
of a second in each 1/5 of a second. The center wheel 
has 200 F-shape teeth. If these teeth are adjusted 
so that the pin falls directly into the tooth space with 
the fork against one banking pin, it will not again 
fall directly into a tooth space until the fork has made 
three trips. 



[Feb. 18 


490 A. L. ELLIS 

The magnitude of these errors can be observed by 
repeatedly pressing the stem while the fork is held 
against each of the banking pins in succession. An 
additional difficulty is met due to the action of the 
brake lever on the minute wheel. This wheel is driven 
by a friction spring to the minute wheel of the train. 
The hook end of the brake lever is applied to ratchet 
teeth at the edge of the minute wheel holding it against 
the operation of the train through the friction spring. 
If the torque of the friction spring is too great, the 
motion of the balance will be greatly reduced. If too 
small, it will not drive. 



Fig. 7—New Model Jockey Club 


Fig. 7 is a view of the back of the watch showing 
clearly the relative positions of the fly-back lever, 
heart cam friction, disk and spring. 

Another method for starting and stopping the sweep 
second hand- is one in which the sweep second member 
carries a toothed wheel. An intermediate shaft 
car:^ing a coarse tooth pinion at the lower end, en¬ 
gaging with the fourth wheel of the train running with 
it continuously, carries at its upper end a fine toothed 
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pinion. This pinion is engaged with the toothed 
wheel to start, and disengaged to stop the sweep 
second hand. 

Fig. 8 is a diagrammatic sketch of a watch of this 
t3rpe known as New York Standard. This type of 
watch has in addition to sweep second hand, the regular 
hour and minute hands. 

Parts are shown in position ready for start. The 
operations are as follow: 

Pressing the stem the first time turns the cam wheel, 
raising fly-back lever from heart cam just before inter¬ 
mediate is allowed to fall into mesh with the center 
seconds wheel starting sweep second hand. 



Pressing the stem the second time disengages inter¬ 
mediate, stopping second hand. 

Pressing the stem the third time allows fly-back 
hammer to strike heart cam, returning second hand 
to zero (position shown). 

Sources of error in this tjrpe of watch are due to 
necessary play between the coarse tooth pinion and the 
fourth wheel, and play in the bearings of intermediate 
shaft. This amounts to of a second or more. The 
magnitude can be determined by putting parts in 
the running position, and with the balance stopped 
note freedom of sweep second hand necessary to take 
up lost motion to fourth wheel. If it were not for the 
three-legged friction spring, the sweep second hand 
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would whip back and forth by this amount with each 
beat of the watch. The error due to this cause is 
uncertain both as to magnitude and sign within the 
limits specified. 

Additional errors are due to the seconds center 
wheel having 200 teeth, while the intermediate has 300 
positions of rest. 

The intermediate gear strikes the same point on the 
seconds center wheel each time at starting. 

Constant operation causes teeth to be deformed and 



Fig. 9—^Nbw Yoek Standard 

produces jumping of the sweep second hand upon 
starting. 

A jar on starting and stopping affects the sweep 
second member. 

Fig. 9 is a back view showing the relative position 
of intermediate, starting lever, fly-back hammer, and 
tooth wheel, on sweep second member. 

Fig. 10 is a more complicated movement of the same 
type, of Swiss manufacture. This movement has, in 
addition to the sweep second hand, a minute counter 
advanced upon the completion of each revolution of 
the sweep second member. This is a regular fifteen- 
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jewel movement with the addition of two ring stone 
jewels on the upper staffs of the sweep second member, 
and minute counter staffs, probably for appearance 
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intermediate gear is thrown into and out of mesh with 
a tooth wheel on the sweep second member. 

Fig. 11 is a diagrammatic sketch of a watch of this 
type knowm as the New England. Sequence of 
operations is the same as described for the New York 
Standard type. The principal errors in this movement 
are due to 200 V teeth being used on all three wheels 
while the balance has 300 positions of rest. The inter¬ 
mediate gear strikes the same point on second center 
wheel deforming the teeth. Play in teeth of ttS 
mediate and fourth wheel, play in the teeth between 
intermediate and seconds center wheel, which play 



Fig. 12 New England Watch 


must be quite large as intermediate is carried bodily 
about a pivot located not at the center of the seconds 
wheel. The intermediate in engaging with the center 
seconds wheel is made to rotate about the seconds wheel 
on the fourth wheel arbor. This usually causes the 
second hand to jump forward or backward upon start¬ 
ing, depending upon the distribution of the three 
wheels in different types of watches. This jump is 
augmented by the errors previously noted and fre¬ 
quently amounts to Vs of a second. 
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Fig. 12 is a back view showing the relative position 
of seconds wheel intermediate, center seconds wheel 
heart cam, and fly-back lever. 




Fig. 13 — Allion a Versailles 
F or aviation in France. 


Fig. 13 is a Swiss movement of a similar type, show¬ 
ing the relative positions of parts. 




Fig. 14 is a diagrammatic sketch of the same_ watch 
known as “Allion a Versailles,” France. The criticism 
of the New England watch applies to this t 3 p)e. 
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It will be noted that the intermediate swings about 
a pivot, less favorably located for accuracy, and that 
the^ number of teeth is still not in agreement with the 
train positions of rest. The majority of the high-grade 
watches, (by that meaning high price) folfow this 
general principle of operation. 

Another principle of operation is that a small inter¬ 
mediate is made to engage with seconds wheel and 
second center wheel. 



Fig. 15 Split Seconds Swiss Watch Which has Only the 

Two Sweep Second Hands and Minute Hand 

control one sweep second hand and the minute 
hand. Balance runs all the time. 


Fig. 15 is a back view showing the distribution of 
parts of a split second timer without the usual hour 

and minute hand. It shows clearly the imitation com¬ 
pensated balance. 

^ Fig. 16 is a view with the dial removed showing the 
distribution of parts necessary to operate the secondary 
sweep second hand that can be stopped independently 
of the main hand.' 

Fig. 17 is a diagrammatic sketch of a watch of this 
type known as the Trenton watch, manufactured in this 
country many years ago. 
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The starting and stopping operations are as follows: 
Parts are shown in the running position. Pressing 
the stem the first time stops the sweep second hand 
by causing the starting lever to move to the left, strik¬ 
ing the upper edge of the disk clamped to the staff 
supporting the intermediate, thereby turning the 
intermediate about this staff out of contact with seconds 
center wheel. This event takes place an instant be¬ 
fore the brake lever falls in contact with the seconds 
center wheel, thus securely holding the sweep second 
member in position. , 



Fig. 16 —Split Seconds Swiss Watch 

The parts shown here control the second sweep second hand. The 
function is to stop the hand, and release to continue in step with the other 
sweep second hand to a point at which it is to be stopped again. In other 
words this hand can only be stopped or released to run with the other 
sweep second hand. 


Pressing the stem the second time capes the sweep 
second member to return to zero position by the fly¬ 
back hammer striking heart cam, the brake lever hav¬ 
ing been removed from sweep second member an in¬ 
stant before. 

Pressing the stem a third time starts second hand by 
removing the starting lever from the disk on the inter- 
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mediate, allowing the intermediate to engage, the 
fly-back lever having been removed from heart cam an 
instant before. In this watch it will be noted that the 



seconds centeif wheel and seconds wheel on fourth 
wheel arbor have eachlSOO V-teeth; the error due to 
this source is consequently negligible. 



Fig. 18“— Trenton Watch 


The source of errors in this type are due to the inter¬ 
mediate striking at the same point on sweep second 
member repeatedly at start and end play in the sup- 
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mediate. Without this it would be impossible to have 
the upper edge of the intermediate engaged with the 
seconds center wheel at the top to the right, and at 
the same time with the seconds wheel at the bottom to 
the left, and remain engaged while the wheels make a 
complete revolution. 

Fig. 18 is a back view showing the relative positions 
of parts. 

Fig. 19 is a diagrammatic sketch of another type known 
as "'Timing and Repeating,in which parts are shown 
in the stopped position, ready for starting. The opera¬ 
tions are as follows: 

Pressing the stem the first time removes the fly¬ 
back lever from the heart cam just before the raising 



lever is removed from beneath the raising lever spring, 
allowing the thrust spring to force the second center 
wheel into contact with the intermediate, carrying it 

also in contact with the seconds wheel. 

The principal source of error in this ^ype is due to 
teeth being knurled. The number is indefinite. The 
intermediate strikes repeatedly at the same point at 
start. The thrust spring bears on sweep second mem¬ 
ber at all times; the result is that unless the wheels 
are nearly perfectly true, the watch stops because 
there is not sufficient power in th^ train to force the 
sweep second member up against the thrust spring. 
The starting and stopping are accomplished by raising 
and lowering the sweep second member. The method 
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described produces torques, causing the sweep second 
hand to jump forward or backward when started and 
when stopped. The extent of this error is in general 
2/5 of a second and frequently more. 

Fig. 20 is a back view showing the relative positions 
of parts. This watch has regular hour and minute 
hands in addition to sweep second and minute counter. 

Fig. 21 is a diagrammatic sketch of a later model of 
the same make in which the starting and stopping are 
accomplished by raising and lowering the intermediate. 



Fia. 22 —Timing and Repeating Watch— B 


This is a marked improverhent over the previous model 
as it avoids the necessity for raising and lowering the 
staff carrying the sweep second member. With this 
exception the errors remain as in the previous model. 

There is, however, a difficulty met with in adjusting 
the tension of the thrust spring at the top of the inter¬ 
mediate and beneath the seconds center wheel so that 
the former will have sufficient torque to oppose the 
latter and at the same tine carry the intermediate into 
contact with the seconds wheel. Any irregularity 
in either of the large wheels causes slipping. The 
freedom that must be. allowed for the bearings of in¬ 
termediate, second wheels, and center second wheel, 
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causes a wedging action due to springs and rotation 
of parts. Any inequality in the teeth of the big gears 
will force a pair of members out of contact, and slip¬ 
ping results. This source of error is difficult to dis¬ 
cover. For this reason, and for many others, at least 
two watches should be used for timing all observations. 

Conclusions 

Due to inherent errors of timing train, and those 
due to mechanical limitations and design, practically 
nothing is gained in accuracy by increasing the number 
of jewels beyond the standard seven-jewel movement. 

An atteimpt has been made to reduce the inherent 
error in at least one instance by increasing the rate 
of vibration of the balance, but the price at which it 
was oifered was put of all reason considering the ac¬ 
curacy gained and the cost of manufacture. 

Some of the larger errors do not follow the law of 
probability, for while the errors may be either plus or 
minus, and vary somewhat in magnitude, sofne at 
least depend upon the interval of time being measured, 
as for instance, in the case of the Jockey Club type of 
stop watch if the interval being timed is less than thirty 
seconds, the hand will jump forward upon being 
started again. If the interval is more than thirty- 

five seconds the hand will jump backward on starting 
again. ' 

The sources of error in a watch are such that at 
least two watches should be used simultaneously for 
timing an event, timing intervals of varying length if 
possible, the mean of all observations to be taken. 

The stop watch applied to engineering measure¬ 
ments is not sufficiently robust for the purpose, and it 
is to be hoped that manufacturers will make a special 
effort to produce a stop watch suitable for this r»lqgf ! 
of service. 
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Discussion on “The Limitations of the Stopwatch 
AS A Precision Instrument” (Ellis), New 
• York, N. Y., February 18,1921. 

V. KLarapetoif: There is a comrnon belief among 
watchmakers that there is such a thing as a seasraal 
breakage of mainsprings. They believe that mainsprings 
break in particularly large numbers during the season of 
thunderstorms, and of course they are bound to ascribe 
this to some mysterious action of the atmospheric 
electricity or magnetism. Professor S. R. Williams 
of Oberlin College, has become interested in this ques¬ 
tion of seasonal breakage of mainsprings and he writes 
me that he has made an investigation and actually 
confirmed the fact that there are numerous breakages 
of watch mainsprings during the thunderstorin season. 
However, a microscopic examination of ’ mainsprings 
has shown the reason to lie in minute cracks which are 
always present in such springs. During the shower 
season the humidity is high, moisture gets into these 
cracks and starts incipient rust, so that the spring 
really breaks because of the rusting of the skin and not 
because of any electric or magnetic action. _ He there¬ 
fore recommends a thorough oiling of mainsprings to 
prevent moisture from getting in the cracks. 

H. M. Smith: I believe some mention ought to be 
made of a watch which we have found_ very satisfac¬ 
tory, and that is a Swisss watch in which the indwa- 
ting hand makes a revolution in 30 seconds, and 1 
believe the balance wheel makes 600 beats a second, 
instea,d of 300 beats a second which all these other 
watches have, so that the accuracy, I suppose, is 
quite as good, I am certain they do give very good 
results; ■ It is very interesting to hold one of the watches 
to your ear and listen to the ticl^it gives the impres¬ 
sion of a six-legged duck walking along very fast, it 
is a very fast tick, and the dial is graduated on 
tenth seconds, so that apparently it is supposed to 
have an error not greater than one-tenth second, 
although I do not know what the error is. I cannot 
recall the name of the watch, but it is a fairly priced 

watch, I think they sell for $26.00. ^ 

W. J. Hammer: I would ask to what extent the 
author has gone into the question of magnetization. 
Many of these stopwatches are used around electncal 
apparatus. We are all familiar with the early ei^eri- 
m^ts made by Sir Hiram H. Mp:im, in which by 
suspending a watch in a magnetic field gradually mov¬ 
ing it therefrom as the watch was revolved he de¬ 
magnetized it. We know that watches are made which 
are non-magnetic. I have the pleasure of owning a 
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watch, upon which various experiments were made 

England, resulting in the first three 

“^ade for Lord 

Sn ■ Pan Preece and Sir Frederick.Bram- 

alloyed 

mth success. I know from _my own experience around 

watches there is a 

kSow to^wW 2vf ® ^ like to 

this author of the paper has taken 

this imtter into consideration and with what results. 

which ^ done some work with a device 

icii, while not a stop watch, is similar and may be 

of a^DrinthiP^tclp^v The work was part 

01 a pnnting telegraph development. A balance and 

tion^^wpL^lfp v° establish synchronous opera¬ 
te bS^ncp Sh the two ends of the line, 

that S a penod of about 1800 or six times 

position at th?c^i^^ stopped in a definite phase 
hS^,^,f*^f u ^ ^ ^’^d started at the 

dr^c^ hf. ? ^ watch. It was 

^ niotor and friction clutch. A change of 

t^V^® speed of the motor made less than 
1/10 per cent change m the rate of the balance. 

KaVan7trS'« va Ja ^i? interested in Professor 

5 seasonal breakage 

Williams of investigation by Professor 

Main sorinv^! his suggested remedy. 

reduce the friction due to rubbing between the surfaces 

driving^ A spring unwinds in 

nving the movement. A watch put up with a 

MeSaMfpo^ “ ■*“' >” 

veJ? Wghfrd'SloiS^^^'Tl''^ main springs have been 
so standarHiVoI^l^^t^' and the process of manufacture 
renlacp frpn rS^ watch spring manufacturers will 

that has^ bmkl?f«®®’ *hem 

to set ® ^ service, or has been soft enough 

to^e Sfe”^®£”® a watch that beats 600 beats 

double the 

wScho, for about $400. 

theSiStoe 

^nsidere^frnln^a expensive watch 

Thse w^Point is $15 to $20. 

abcSt lX*1<SbeSSlr2?i“f f '>* 

n on the part of the jeweler goes with the watch 




1921] 


DISCUSSION 


505 


when it is sold. He usually has to make some minor 
repairs, and almost invariably is obliged to regulate 
it and take care of it after it has been dropped on the 
floor, etc., until such time as he can convince the pur¬ 
chaser that the difficulty is not due to a structural 
defect of the watch but is partly due to the purchaser's 
negligence. 

It does not do to believe that a watch is reliable to 
1/lOth of a second just because the dial is marked in 
one-tenth second divisions. I would suggest that Mr. 
Smith may get some interesting results if he will 
check the concentricity of the dial markings with the 
second hand. The dial markings are usually printed 
on a porcelain surface and glazed in firing. If the 
divisions were true to begin with, they probably are 
not true after the firing process. Very noticeable 
errors are due to this cause in high grade watches as 
well as those of ordinary type. The variations over 
the dial frequently amounts to one-fifth of a second. 

In regard to the magnitude of the errors that occur 
in a stop watch, a mechanically perfect stop watch, as 
pointed out, cannot be depended upon closer than one 
beat, which, in a thirty seconds’ reading is 1.3 per cent. 
The error may be nearly double this or nearly two beats. 
To this error must be added the errors due to jumping 
forward and backward at starting and stopping of the 
sweep second hand. These errors can be o&erved, 
when holding the balance wheel still with a camel’s 
hair brush, by repeatedly pressing the stem. With 
the sweep second hand standing at zero the amount of 
jump varies from one-fifth to four-fifths of a second. 
It is suggested that this experiment be tried with the 
stop watch one has been swearing by. I do not believe 
that a stop watch can be relied upon for an accuracy 
better than two-fifths of a second. Individual read¬ 
ings may come closer, but in general the uncertainty 
due to play in the bearings, the behavior of the fly¬ 
back ham m er and heart cam, as the fly-back hammer is 
pulled away causes the hand to jump considerably either 
forward or backward on starting and stopping. 

_ In reply to Mr. W. J. Hammer’s remarks, the ques¬ 
tion of magnetic disturbance has caused us a great deal 
of ^trouble. It is not mentioned in this paper as it was 
not its purpose to cover all sources of error, as for 
instance, one of the greatest difficulties in watches is to 
adjust for temperature and another is to adjust for 
the unequal torque in the main spring. These are 
really problems when it comes to getting a watch in 
condition to keep time for a week or a month, but when 
wanted to keep time for a minute or two their effect 
is too trivial to be considered. These remarks, how- 
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ever, do not apply to the effect of magnetism, and l am 
very glad that Mr. Hammer has raised the question. 

Errors due to magnetism in ordinary types of watches 
are very considerable and may be sufficient to actually 
stop the balance. The effect of magnetism in general 
is to vary the time keeping qualities as though there 
had been an increase in the force of gravity or an 
increase in the inertia of the balance. The watch 
the speaker refers to is probably one of the very high 
grade non-magnetic watches, containing a palladium 
balance and palladium hair spring. Such watches 
cost much more than the type we are discussing. The 
magnetism is a considerable source of error due to the 
effect on the steel lever parts of a stop watch. Such 
parts having once been magnetized are very difficult 
to de-magnetize to a point where they do not interfere 
with the operation of the watch. It is practically 
impossible to get rid of the last traces of magnetism 
except by heating the parts to the recalescence point, 
which of course is out of the question for watch parts. 
Subjecting a magnetized watch to the usual demagnetiz¬ 
ing processes, such as an a-c. coil in which the current 
and frequency is gradually reduced to zero, or spinning 
the watch on a springy before the pole of a permanent 
magnet and while spinning drawing away from the 
pole, will in general reduce the magnetism to a point 
where it will not interfere seriously with the operation 
of the escapement but there will still be a sufficient 
amount left in the flyback hammer and heart cam to 
cause an undue amount of jumping forward and back 
when the watch is started from zero. Many of the 
so-called non-magnetic watches are not non-magnetic. 
This is not the only deception that is passed upon an 
unsuspecting public. 

From the cuts in the paper you will see that some 
balances have timing screws. Timing screws are 
very necessary as are also temperature adjustments. 
The general public knows that a watch to keep accurate 
time should have a balance compensated for variations 
in temperature, but a great many of the balances are 
invitation compensated balances that apparently con¬ 
tain two metals, and some times do actually contain 
two, though often the balance is not split at the bridge, 
and therefore, cannot possibly compensate for change 
in temperature. Some makers even go so far as to 
cut a notch part way through the rim at the point where 
the balance should be split that the deception may be 
even more complete. Generally, the public knows that 
a watch that has aTot of jewels is probably a better 
watch than one having only a few. Some makers put 
jewels ill the top plate where they would be readily 
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seen when the back of the watch is open, but fail to 
put a corresponding number on the bottom plate 
where they cannot be seen as the dial would cover them. 

These are all points that should be looked into when 
purchasing a watch for stop watch purposes, particu¬ 
larly in view of the fact that nothing is to be gamed 
in purchasing a high-grade expensive movement for 

this class of work. . , 

H. M. Smith: In regard to the concentricity of 
dial, we have tried to take readings for about one 
minute, so that the pointer comes back to pretty nearly 
the same place—I am speaking of checking watt-hour 
meters, and then we always use two watches, and 1 
think it is quite likely, even so that the error perhaps is 
greater than one-tenth of a second. I have an idea 
that the error of this watch (600 beats) is about hall 
the error of those which have 300 beats, so it is some 

A. L. Ellis The errors due to the beats are half as 
great, but the inherent errors, due to the stop 
mechanism in general, as you have seen by the paper, 
are several times the errors due to the beats. 

H.M. Smith: There are certainly some- errors, 
although the watch is apparently well made, indeed, 
and it sells at a higher price than the other watches, 

A. L. Ellis: I would like to add the question of 
measuring time to a high degree of accuracy was not 
the purpose of the paper. We have, however, measured 
time, we believe to a millionth part of a second of one 
per cent, and we hope at some time to be permitted to 
present these facts in the form of a paper before this 

body. 
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SHORT-CIRCUIT CURRENT OF INDUCTION 
MOTORS AND GENERATORS 
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Abstract of Paper 

There has been a rather prevailing opinion that a 
sudden short circuit of an induction generator would 
not cause a serious initial rise in current such as occurs in 
synchronous generators. This has led to the proposal 
of the use of such machines as a partial solution of the 
short-circuit problem on a-c. systems. Theoretical 
considerations and experimental data given in the paper 
show that, on the contrary, there is in the induction gener¬ 
ator, just as in the synchronous machine, a serious ini¬ 
tial rush of current which is limited only by the leakage 
reactance of the machine. The only difference is that 
the transient is shorter in the induction machine, and the 
current dies down of course, to zero instead of to the 
sustained value which occurs in an excited synchronous 
generator. 


T he problem of short circuits on alternating- 
current systems is ever becoming more press¬ 
ing. The calculation of the short-circuit cur¬ 
rent of the generating apparatus is therefore of ut¬ 
most importance. This calculation for synchronous 
machines has been covered in an Institute paper* 
presented in 1918. The present paper deals with the 
induction machine. This study was prompted by the 
suggestion, which has now and then been proposed, 
that^ the installation of induction generators might 
possibly be a partial solution of the short-circuit 
problem. The basis for the suggestion was, of course, 
the supposition that the initial short-circuit current 
of this ts^pe of machine was negligible. This supposi¬ 
tion rested on the idea that, unlike the synchronous 
machine, the induction generator has no permanent 
excitation, and therefore when the terminals are short- 
circuited and all electrical connection thus removed, 

1. “Reactance of Syohronous Machines and its Application,” 
by R. E. Doherty and 0. E. Shirley, Tkans. A. I. E. E., 1918, 
Vol 37, Part 2, page 1209. 
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the existing small current will die out exponentially' 
A study of the problem however, indicated that this 
was not the case. Subsequent tests given herewith 
confirm that view and show that on large induction 
generators serious initial short-circuit currents may be 
expected, just as on synchronous machines. 

From a search of the literature it appears that very 
little has been published on this subject. In 1910 
Messrs. Spooner and Barnes^ published an article 
on “The Induction Generator,” giving the results 
of comparative short-circuit tests on synchronous and 
induction generators. Quoting from the article, 
“Theory would indicate that a short circuit would 
be equivalent to a withdrawal of the exciting current 
from the induction generator and hence it would cease 



Fig. 1-—Diagram Showing Method of Determining the 

Short-Circuit Current 

to deliver energy. The accompanying oscillogram, 
which is a typical current record, shows this to be the 
case.'' These tests, however, were made on a small 
machine (lOh.p.) of relatively high resistance and 
therefore are not, as will be pointed out later, represen- 
tive of conditions that would exist in large induction 
generators. In the same year a paper® by 6. W. 
Meyer stated that, “If induction generators are used, 
a short circuit in the line does not cause an abnormal 
rise of current in these machines. They simply cease 
to generate.” 

The present investigation, however, shows that the 
sudden short circuit of an induction generator or 
motor, like that of a synchronous machine, is initially 

2, Electrical World, ¥ehT}ia>xy 24:^1910, 

3* ‘‘ Short Circuits in [Alternating-Current Mains: Their 
Reaction on Generators and Means for Diminishing their 
Harmful Effects/’ by G. W, MejermElektrotechriische RuridschaUt 
October 19, November 3, November 24,1910. 
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many times normal, and depends in value upon the 
total leakage reactance. Unlike the synchronous 
machine, there is no “sustained” current. Instead 
the current decreases in a few cycles, from the high 
value existing in, the moment of short circuit to zero. 
This is shown in Fig. 1. 



The comparison of the initial short-circuit currents 
of induction and ssmchronous machines is really a 
comparison of practically identical phenomena. In 
either case, the relation of the flux in the machines 
to the stator and rotor windings is in fundamental 
respects the same. In either, the poles of the magnetic 
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flux rotate at synchronous speed with respect to the 
stator windings, and at the same time the flux is linked 
with the closed rotor winding. The fact that in nor¬ 
mal operation the flux of the induction machine “slips” 
with respect to the rotor winding, does not change 
the circumstance that it is nevertheless at all instants 
linked with the closed winding. Neither does the 
fact that the rotor winding of the synchronous machine 
has direct-current excitation whereas that of the in¬ 
duction machine has not, alter in a fundamental way 
the conditions which determine the.initial current; 
although it does, of course, determine altogether the 
difference between the final values. 

It is shown in the Appendix that in a closed electric 
circuit without resistance the number of magnetic inter¬ 
linkages must remain constant. In other words, such 
a circuit must, as long as it is closed, contain the same 
number of interlinkages which it contained at the 
instant of closing. 

While both the stator and rotor windings of an 
induction machine of comse do contain some resistance, 
it is yet small enough to make possible at least a quali¬ 
tative study of initial conditions on the assumption 
that the resistance is zero; and from that, one may 
form an idea of the modification which a small value 
of resistance would involve. 

Suppose an induction motor is running at full volt¬ 
age no load, and that the terminals of the stator 
ending are suddenly short-circuited. For conven¬ 
ience assume that when this happens, no flux is linked 
with the stator coils. Then, by the assumption of 
zero resistance, no flux can enter those coils. The rotat¬ 
ing flux attempting to enter the winding causes suffi¬ 
cient current to flow in the winding, i. e. sufficient 
m. m. f., to force the flux out. But this field, 
being linked with the closed rotor circuit, can not 
die out. It can not decrease at all, since doing 
so would involve a change of interlinkages. Neither 
could the flux cease rotation for the same' reason. 
Therefore, since the flux can not enter the stator and yet 
must emanate from the rotor surface and remain linked 
with the rotor coils, it follows that it must pass through 
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the leakage paths, largely along the air gap and tooth 
tips between the stator and rotor winding and return to 
the rotor. Now the m. m. f. required to maintain 
normal flux in the leakage paths is greater than the 
m. m. f. of normal current in the ratio of normal flux 
to the leakage flux produced by normal current. 
Hence the m. m. f. at short circuit depends directly 
upon the leakage reactance of the machine. 

It is clear that the stator current, generated by the 
rotating flux, is alternating, whereas the rotor current, 
being that required to maintain a direct flux, is itself 
direct. 

The foregoing assumed that the stator interlinkages 
were zero when the short circuit occurred. Actually, 
in a polyphase machine, the entire flux of each 
pole is linked at all instants with some phase 
or phases. Hence the stator interlinkages must 
always be the same, i. e., those due to normal 
flux regardless of the instant of short circuit. 
This means that there must always be two sets of 
magnetic poles of practically equal intensity. See 
Fig. 2. One, just mentioned, linked with the closed 
stator winding and therefore stationary in space; the 
other, described in the foregoing, linked with the rotor 
winding and therefore rotating in space. And just as 
the latter causes direct current in the rotor and alter¬ 
nating current in the stator, so does the former cause 
direct current in the stator and alternating current in 
the rotor. Thus the total current in any phase of 
either the stator or the rotor is the resultant of an 
alternating and a direct component. 

The magnitude of the alternating component in 
each phase is the same, but the direct component 
depends upon the flux linked with the particular phase 
at the instant of short circuit, and can therefore be 
any value between zero and a maximum equal approxi¬ 
mately to the maximum value of the alternating com¬ 
ponent. , 

The , resultant m. m. f. of the stator, considering all 
phases, is therefore composed of two components: 
one: stationary, and of constant magnitude produced 
by the direct current in the turns (all phases) surround- 
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ing the stationary, stator pole; the other rotating 
and also of constant magnitude, produced by the 
alternating current in the turns (all phases) directly 
opposing the rotating poles of the rotor. 

The resultant m. m. f. of the rotor, considering all 
phases, is likewise composed of two components, one 
stationary, the other rotating with respect to the 
rotor. 

Obviously these components must be roughly of the 
same magnitude, since the m. m. f. in either case is that 
required to maintain normal flux in the leakage paths. 

It is clear from the above considerations, that, as- 



Fig. 3—Curve Showing the Sudden Short-Circuit Cur¬ 
rent OP Induction Motor Assuming Zero Resistance and 
Short Circuit Occurring when the Circuit Enclosed 
Maximum Flux 


suming the same leakage inductance, the initial value 
of short-circuit current will be the same in a given ma¬ 
chine whether it is operating as induction motor, or as 
a synchronous motor with direct-current excitation in 
the secondary winding. There would, of course, be 
some difference in the leakage inductance when operated 
as an induction machine and when operated as a syn¬ 
chronous machine. 

The effect of shaft load upon the value of the short- 
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circuit current is small The primary flux per pole is 
a fixed value for a given voltage. At no load all of this flux, 
except 5 per cent or so, is linked also with the secondary 
pole, the 5 per cent being the leakage due to the ex¬ 
citing current. Under load thei per cent by which the 
remaining 95 per cent linked with the rotor is reduced 
is not in direct proportion to the increase in the stator 
current on account of the phase difference between the 
exciting current and the load current. 

Assuming no resistance, the general shape of the 
short-circuit current wave would be as shown in Fig. 3. 

With resistance, which is present in every case, 
the flux linked with the two members will die out 
an exponential function of time. Such a short-circuit 
current wave is plotted in Fig. 4. In this case the 
d-c. component of the primary is: 


ii d-c. = ^/2 Joi e ^ 
and the a-c. component is 


ii a-c. = - V'2 /oi e ^ cos co t 
Then the total primary current is 

ii = ii d-c. -f- ii a-c. = \/2 /oi c ^ (1 cos cot) 

Where, 

ii = instantaneous primary current 

Jqi = r. m. s. of the initial value of a-c. component 


in primary = 


(normal voltage per phase) 
(impedance per phase) 


■s/r *-|- 

r = total resistance per phase = ri -h ra 
r j = resistance per phase of primary 
j-g = resistance per phase of secondary reduced to 
primary terms 

X = total ; leakage reactance per phase (primary 
terms) 

Lo = X 2 tt/ 

The above equations apply when the ratio 

ri/Ls, = ra/Lo, that is, when ri = r^. • . . . 

Resistance does not appreciably affect the initial 
value of short-circuit current since the resistance is 
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usually small compared with the reactance. For 
example in a case where r = 6 per cent and x = 2Q 
per cent the error due to neglecting r in the impedance 
would be only 3 per cent, which is negligible. Re¬ 
sistance does, however, affect the duration of the 
short-circuit current, since, in this case, r appears as 

a factor of direct proportionality in the attenuation 
factor r/L. 

In general, the primary and secondary members are 
magnetically very similar. That is, the ratio L/r is 
very nearly the same for either member. Hence the 
two fluxes die out at about the same rate. A con¬ 
ception oi this rate can be had from the following 
illustration. Take, for example, a 60-cycle machine 
wi h 2.5 per cent resistance loss in each member, 



v.iu (j 

TIME-SECONDS-t 

PiQ. 4—Calculated Gueve op the Sudden Shoet-Cibcuit 

CURRENT OP AN INDUCTION MoTOR 


of short-circuit current 

i m ^2 It ( g-18.9i cos w <) - \/2 lo e“lS.9/(i _ cqs 6j 0 

Assumed Constants 

stator Hoto,, 


r ■* 1 per cent 

Total X «w *20 per cent 


■= 1 per cent 


r 

U 


18.9 _JL 

Lo 

In normal rated current 


It *= 


100 

20 


In --Bin 


18.9 


(z. c. 2.5 per cent resistance drop in each member at 
normal_<mrrent) and a leakage reactance of 20 per 
cent. Then the time constant is, ‘ ^ 


20 

■Do 2 TTf _ 20 

2.5 2 w X 60 X 2.5 

= 0.021 second 
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Pig. 5—CALCuiiATED Cttbvb of m. m. f. at Shoet Cibcuit 
OF A Polyphase Induction Motob 


Primary m. m. f. *= fx 


Ftn _ Pi Pi 

Pi P% ^ Pw* 
Pm^ 


— cos ta t 


Assumed Constants 


EuL « £3, «= 0.95 
Pi P2 


Secondary m. m. f. 



Pi 


1 — cos 03 t 
__ 

Pm2 -1 



TIME t IN SECONDS 

Fig. 6—Calculated Cukvb op the Sudden Short-Ciecuit 
Current op a 150-H. P. Three-Phase, 60-Cycle, 720-Rev. 
PER MIN., 440-Volt Induction Motor. See Test Curve 
IN Fig. 7. 


Equation of short-circuit current 

i *» V2 io (€“48.Sf — g-4S.3i cos co i) 

« V2 Jo (1 ~ cos CO 0 

Design Constants 

' Stator Eotor 

r « 2.1 per cent r » 2.1 per cent 

Total X « 16.6 per cent 


r 

L 


48.3 


In 


T 

_ 

normal rated current 


48.3 


/,= 125. - 6.00/» 


10.5 
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which means that in four times 0.021 second, or 
0.084 second, that is five cycles, the flux, and therefore 
the current, will have practically died out. It is 
very important to note that at one-half cycle 



Primary Current—No Load. 





Fig. 7 ‘ —Oscillograms op the Short-Circitit Gurrent op 

AN Indtjction Motor 

p., three-phase, 60-cycle, 720-rev. per inln., 440-volt three-phase 
short circuit at 440 volts. 
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(0.0083 sec.) when the current reaches the maxinaum 
peak (that is, when assuming no transient, sufficient 
m. m. f. would necessarily exist to support twice 
normal flux in the leakage paths) the flux has alr^dy 
decreased to 70 per cent of its initial value. This is 
important because if the resistance is less, say 1 per 
cent, as in the case of large induction generators, the 
flux, and therefore the current at this critical instant, 
would be higher. Moreover, the leakage paths would 
be more nearly saturated, thus causing an additional 
increase in current. Using 1 per cent resistance in the 
above illustration, the flux at the end of one-half cycle 
would be only 85 per cent instead of 70 per cent initial 
value. Such a case is plotted in Fig. 4. 

In connection with this investigation^ four condi¬ 
tions of short circuit have been considered. The 
calculated curves of m. m. f. are plotted for each 
case and accompanying oscillograms show the actual 
current curves for two cases. Equations are developed 
in the Appendix for each of the cases and are as follows; 

Case I. Polyphase short circuit on a polyphase 
induction motor or generator. The equation for the 
primary m. m. f. is, 





Elh 

P 2 
J- m 


— COS CO t 


and for the secondary m. m. f. is, 




1 — cos CO t 
P1P2 _ . 
PJ ^ 

X fl% 



( 10 ) 


Fig. 5 shows the calculated curves plotted from these 
equations. 

This case of a polyphase short circuit is the most 
important and the equations have, therefore, been 
reduced to terms of current instead of m. m. f., and 
the effect of resistance is taken, into account by in¬ 
troducing the transient factor. The equation for 
the primary current is, 
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. , _ ri i 

= V2 loi € Lq (1 — COS CO t) (26) 

and for the se'^ondary current is, 

• ~ Ji 

^ 2 .= \/2 Jo 2 (l-cos coO (27) 

The curve in Fig. 6 is plotted from equation (26) and 
Fig. 7 shows the oscillogram of the current from test. 



Fig. 8-—Calculated Curve of Primary m. m. p. at Sudden 
Short Circuit op a Polyphase Induction Motor Having 
THE Secondary Excited with the Direct Current. 


^1 *» Ftn 


Pm 


Pi 


PiPi 


Pi P2 
Pm^ 


Pfn^ 


COS ca t 


(1 + cos 2 (0 0 




Pm __ Pm 


Pi P^ 


Assumed Constants 


0.95 


Case II, Polyphase short circuit on a polyphase 

induction machine having one phase of the rotor 

excited with direct current, that is, operating as a 

synchronous machine. The equation for the primary 
m. m, f, is, 



^ P 

Pi 



1 

PiP» 

Pm^ 


I 




P1P2 

PJ‘ 

Wt 


cos CO t 


— 1/2 (1 + cos 2 (j^ t) 
and for the secondary m. m, f. is. 
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These equations are plotted in Pig. 8 and Fig. 9. 
The test curve is shown in Fig. 10. The difference 
between the test curve for /i and the curve of stator 
current in Fig. 10 can probably be accounted for by 
the fact that the rotor resistance is increased by a 
rheostat and an exciter in the circuit. This causes 
the secondary flux to die down rapidly, thus causing 
the a-c. component of fundamental frequency in the 



Z o' JJ_I J' I i—J I L_—I I I I III I T.:A 

8 0 90 180 270 360 450 540 630 720 

W in t IN ELECTRICAL DEGREES • 


Fig. 9~Calculated Gxteve of Secondary m. m. f- at 
Sudden Short Circuit of a Polyphase Induction Motor 
Having the Secondary Excited with Direct Current 


/2 



Assumed Constants 

Pftt P Ht All 

Pi Pi. 

primary to die down faster than the second harmonic 
in the primary. 

Case HI. Single-phase short circuit on a polyphase 
induction machine under the assumption that the 
third line is opened at the instant the other two are 

short-circuited. The equation for the primary m. m. f. 
is, 


522 


DOHEB TY AND WILLI A MSON 


■ [Feb. IS 


PiPj COS5 — cos w i 

ft = F «, P, P* ' (36) 

P I 2 ^ 

m 

and for the secondary m. m. f. is, 



Fig. 10—Oscillogram of the Short-Circuit Current 
OF AN Induction Motor with one Phase of its Secondary 
Excited with Direct Current 


50-h. p., tliree-pliase. 60-cycle, 900-rev. per min , 550-volt—three- 
phase short circuit at 550 volts, no load. 

Secondary excited with direct current. 

Upper curve—current in rotor. 

Middle curve—primary current. 

Lower curve—primary current. 

It will be noted that the curves from these equations 
with cos 5 = 1, would be identical with those of Case 
II except that in this case fi corresponds to fi of the 

other, and vice versa. No test was made iinder these 
Conditions. 

Cose JF. Single-phase short circuit on an in¬ 
duction machine with direct current in one phase of 
the secondary and the other phases open, that is, 
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operating as a single-phase synchronous machine. 
The equation for the primary m. m. f. is, 



cos w t 


Pi Pi 

P 2 
m 


- 1/2 (1 -1- cos 2 to 0 




Pjo 11—Calculated Curve of Primary m. m. f. at 
Sudden Short Circuit of a Polyphase Induction Motor 

When Operating Single-Phase 


Primary m. m. f. * /i 



Pi 

Pm 


Pi Pi 
Pm^ 


cos t 


— (1 -t- cps2 (a t ) 

2 ■*’ 


Assumed Constants 

Pm ^ Pm « 0.95 
Pi Pi 


and for the secondary m. m. f. is, 



1 


P 1 P 2 

PJ 

^. lit 


— 1/2 (1 -1- cos 2 CO 0 ( 45 ) 


Fig. 11 is the curve for fi plotted frona equation (44). 
A test was not made under these conditions. 

Tests 


The tests in connection with this investigation were 
made on a 150-h.p., three-phase, mductmn motor. 
The short circuits were made with the machine opera- 

tinS at normal voltage, no load, and normal voltage, 
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fuU load. Fig. 12 shows the diagram of connections 
indicating the position of the oscillograph shunts and 
the short-circuiting switch. About 50 oscillograms 
were taken. Typical results are given in Table I. 


Alternator 



^'iQ. 12 —Diagram 


Induction Machine 



"fr 


—Oscillograph Shunts- 
J^Short Circuit Switch 


OF Connections for Short-Circuit tests* 


It IS important in appraising results of short-circuit 
tests to note the method by which the “short-circuit 
current is determined from the oscillogram. The 


TABLE I 

Results from Analyzed Oscrnograms 

Tests on ^0-H. P., 720-Rev. per Min., 440-Volt, a’Jbree- 
__ Phase Induction Motor 


Nature of 
Load 


No load 


Full load 


Test 

No. 


36 

45 

46 
47f 

48 

49 

54 

55 

56 
58 
61 

50 

51 
52| 
S3 


Initial Current* 


Primary 


1340 

1420 

1170 

1560 

1270 

1380 

1380 

1660 

1390 

1190 

1290 

1560 

1525 

1360 

1510 


*latial Current 
current. 


Secondary 


1180 


1175 

1150 

1080 

1180 

865 

916 


635 

890 

893 


Per centt 
Reactance 


13.8 
13.0 

15.8 

11.9 
14.6 
13.4 

13.4 

11.1 

13.3 

15.5 

14.3 

11.8 

12.1 

13.6 

12.2 


. . .... I _ 

r. m. s. Of the a-c. compoaent of initial short-oirculi 


tPer cent reactance = 100 x - normal current 

initial current (primary) 

^Oscillogram shown in Pig. 7. 
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method used in these tests is illustrated by Fig. 1. 
The curves joining the crests (both positive and nega¬ 
tive) of the wave are projected backward to the 
axis of zero time. The same exponential is used to 
extend the curve back from the first crest to the axis 
of zero time as was found to apply to the curve be¬ 
tween the first two crests. The intercept at the 
axis of zero time is taken as twice the maximum value 
of the a-c. component. 

In the more general aspects these tests confirm the 
theory outlined in the foregoing. The particulars in 
which the tests do not agree, but which for the most 
part can be explained, are: 

1. The attenuation factor r/L is higher than 
measured by the ohmic resistance and the inductance 
from the impedance test. That is, the current dies 
down in about 75 per cent of the calculated time. The 
calculated curve. Fig. 6, shows that six cycles are 
required for the current to die out, while the test curve. 
Fig. 7, shows that the current died out in four and one- 
half cycles. 

This discrepancy can be explained by the facts that 
on account of eddy losses, etc., the effective resistance 
is greater than the measured ohmic. resistance, and 
that on account of saturated leakage paths, the in¬ 
ductance is lower than that indicated by impedance 
test taken at near half voltage: both of these would 
shorten the transient. 

2. The secondary m. m. f. at short circuit is 
apparently 60 to 75 per cent of the primary m. m. f. 
For this there seems to be no adequate explanation. 
This result, although roughly indicated by the tests, 
should, for reasons already given, be accepted with 
reserve. 

3. The leakage reactance from results of these 
tests is about 25 per cent lower than that calculated 
from ordinary impedance tests (i. e, calculated re¬ 
actance = 17 per cent, reactance from short-circuit 
tests = 13 per cent). This is explained by the fact 
that under short-circuit conditions the leakage paths 
are highly saturated, hence more current is required 
to maintain the flux. The amount by which the 
leakage reactance is reduced depends upon the extent 
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to which the flux has died down at the end of the 
first half cycle after short circuit (at which time the 
greatest flux exists in the leakage paths). It therefore 
depends upon the time constant x/r. 

In such a machine as the present 150-h. p. motor, 
in which x/r is about 6, the flux dies down to about 
60 per cent of its initial value in the first half cycle, 
and completely disappears, as shown in Fig. 7, in 
four or five cycles. On the other hand, in a machine 
with x/r = 20, the flux would die down to only 
85 per cent of its initial value in one-half cycle. This 
would mean not only more current on account of satur¬ 
ated leakage paths, but also an additional increase be¬ 
cause itisnownecessary to maintain 42 per centmore flux 
in those paths {i. e. 85/60 = 1.42). Hence in large 
machines of relatively low resistance the total leakage 
reactance under conditions of short circuit would be 
less than the reactance from impedance test by a 
difference greater than the 25 per cent noted in this 
test. On the contrary the difference would be less, 
if x/r were smaller. 

Conclusions 

1. The sudden short-circuit current of a polyphase 
induction motor or generator, like that of a synchronous 
machine, is initially many times the normal rated 
current, and consists of an a-c. and a d-c. component, 
of approximately equal magnitudes in both primary 
and secondary. 

2. The initial value of the r. m. s. of the a-c. com¬ 
ponent is equal to the impressed voltage divided by 
the total leakage reactance. 

3. It follows that, assuming the saihe leakage 
inductance, the initial current will be the same whether 
the machine is short-circuited as an induction machine, 
or as a symchronous machine with the secondary 
excited with direct current. 

4. The leakage reactance under short-circuit con¬ 
ditions is lower than indicated by ordinary impedance 
tests. As pointed out in paragraph (3) under Tests, 



1921] MOTORS AND GENERATORS 527 

this is an important point to be considered in the 
design of certain large induction generators in which 
relatively low values of resistance may exist. 

5. The actual duration of the transient is less than 
that indicated by the ohmic resistance and the re¬ 
actance from impedance test, both because eddy 
currents increase the effective resistance, and satura¬ 
tion of leakage paths decrease L. Hence, r/L is 
increased. 

6. Adding resistance to the primary winding will 
cause the d-c. component of that winding, and there¬ 
fore the a-c. component of the secondary, to die out 
rapidly, and it will prolong the transient of the primary 
a-c. component and secondary d-c. component. 

7. The effect of load upon the_ value of the short- 
circuit current is practically negligible. 

The authors wish to acknowledge the assistance of 
Messrs. H. Maxwell, A. E. Averett, C. M. Davis and 
E. J. Burnham in making this investigation. 

APPENDIX 

Assumed Conditions 

The following assumptions are made in the develop¬ 
ment of the equations of short-circuit current: (1) 
Sine wave, m. m. f., (2) Zero shaft load, and (3) Zero 

resistance. 

The first assumption is true in polyphase machines 
so far as the practical calculation of short-circmt 
currents is concerned. There are, of course, harmonics 
which exert appreciable influence in other problems 
of design, but little evidence of them is seen in os¬ 
cillograms of short-circuit curreiit. 

Regarding the second assumption it has been pointed 
out in the preceding theory that the effect of load upon 
the initial value of short-circuit current is negligible. 

The third assumption (zero resistance) does not 
appreciably affect the initial value of the short-circuit 
cmrent in the ordinary machine, since the resistance 
is usually less than 3 or 4 per cent of the impedance. 
It does, however, affect the duration of the short- 
circuit current. Therefore, by neglecting r in the 
impedance and multiplying the resulting expression 
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for current by e ^ the effect of resistance is, for prac¬ 
tical purposes, taken into account. 

Method op Attack 

At the instant of short circuit the primary (stator) 
flux ceases to rotate since it must remain linked with 
the particular turns with which it was linked at the 
time the short circuit occurred. For the same reason, 
the secondary flux must continue to rotate. In a 
polyphase winding these fluxes are, at all times, 
supported by a resultant m. m. f. made up of ampere 
turns in each of the phases of the winding. 

The problem at hand is to determine how the re¬ 
sultant m. m. f. in either member must adjust itself 
during rotation to maintain the constant value of 
flux. There are two sets of poles of practically the 
same magnitude, one stationary, the other rotating. 
The center lines of these poles afford references at 
which flux summations may be made involving equa¬ 
tions including instantaneous values of m. m. f. For 
example, in Case I, where a polyphase short circuit 
is considered on a machine with a polyphase rotor, 
it is possible to sum up the following known values 
of fluxes in terms of known permeances and unknown 
instantaneous m. m. fs. 

1. ^ The total flux of the primary. The center line 
of this flux is, of course, the center line of the primary 
pole. 

2. The primary flux in line with the secondary pole. 

3. The total flux of the secondary. 

4. The secondary flux in line with the primary pole. 

In the case of a single-phase winding, since the 

current in all turns is in time phase, the direction of 
the resultant m. m. f., unlike the polyphase case, 
must be fixed by the position of the winding. Thus 
if both primary and secondary are single-phase only 
two equations are required. If one member is single¬ 
phase and the other polyphase three equations are 
required. In any case the reference lines are the same. 

Notation 

4>i = flux linked with primary at instant of short 

circuit (stationary after short circuit). 
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$2 = flux linked with secondary at instant of short 

circuit (rotating after short circuit). 

= magnetizing m. m. f. corresponding to the 
magnetizing current I™ in normal operation. 

Pi = permeance of primary = total primary flux 
per effective prmary ampere turn (neglecting 
the effect of secondary). 

Pt = permeance of secondary = total secondary flux 
per effective secondary ampere turn (neg¬ 
lecting the effect of the primary). 

Pm = permeance of mutual path = mutual flux per 
effective ampere turn of either primary or 
secondary. 

cot = electrical angle = 2 IT /1 

f = electrical frequency corresponding to speed of 
rotation. 

fi = total primary m. m. f. (at any time t) linking 
the primary flux and in line with the primary 
pole. 

fi = total secondary m. m. f. (at any time t) link¬ 
ing the secondary flux and in line with the 
secondary pole. 

f'l = the component of ft that is in line with J 2 . 

f'i = the component of fs that is in line with /i. 

Im = magnetizing current at normal voltage. 

Jo = normal rated current. 

E - normal voltage per phase (i e. per leg). 

ri = resistance per phase of primary. 

Ti = resistance per phase of secondary reduced to 
primary terms. 

r = resistance per phase = ri + r^. 

X — total leakage reactance per phase in primary 

terms. 

Xp = per cent total reactance = x /„ divided by the 
normal voltage per phase (expressed as a 
fraction 0.1 = 10 per cent.) 

Lo = X A- 2 Trf = coefficient of total leakage in¬ 
duction. 

ii - instantaneous primary current. 

— instantaneous secondary current. 
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1 01 = r. m. s. of initial value of a-c. component of 

primary short-circuit current. 

1 02 = r. m. s. of initial value of a-c. component of 

secondary short-circuit current. 


Case 1. Polyphase Short Circuit 

Polyphase primary, polyphase secondary. 

At the instant of a no-load polyphase short circuit 
the total flux of the primary is, 

$i = F„Pi (1) 

and the total flux of the secondary is, 

= ( 2 ) 

Assuming zero resistance, $i and #2 must remain 
constant and linked with the particular turns with 
which they were linked at the instant of short circuit. 

At any time t after the short circuit, the rotor will 
have turned through the angle co t. Then the primary 
flux in line with the rotor pole is, 

^>l cos CO f = P„ Pi cos CO f (3) 

and the secondary flux in line with the stator pole is, 

<E >2 cos CO J = Pot Pm cos CO i (4) 

The equation for the total flux of the primary is, 

/i Pi + f^2 Pm — Pm Pi (5) 

and for the secondary flux in line with the stator pole is, 

/‘2 P 2 +/l Pot = Pm Pm cos CO « (6) 

The equation for the total flux of the secondary is, 

h P 2 + fl' Pm = Pm Pm (7) 

and for the primary flux in line with the rotor pole is, 

fl Pi + /2 Pm = Pm Pi cos CO t (8) 

■ Solving equations (5) and (6) for/i gives 


fl 


F 


m 


Pi Pi 

p 2 

J- m 


Pi Pi 
PJ^ 

A ffi 


cos CO t 


(9) 


and solving (7) and (8) for/a gives 


/2 = Pm 


Pi 


m 


cos CO t 


Pi Pi 

Pm* 


( 10 ) 
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The direct component of/i is, 


f Id^c* 


F 


m 


Pm 
Pi Pi 


( 11 ) 


the a-c. component is, 

F 


f 


la-c- 


ZSHZ 


cos CO t 


Pi Pi 

P 2 
J- m 


( 12 ) 


The direct component of fi is, 


fzd-C' 


Pi 


m 


Pi Pa 

jP 2 


m 


(13) 


the a-c. component is. 




Fm cos CO t 


P ry 

1 1 

P 2 ■** 

m 


(14) 


Both /i and /a are a maximum at co f = tt. At this 
instant/i is 


fi max 



and /a is 
/a^max 


P 


Pi 


w 


w 


2 

P 1 P 2 

p 2 



(15) 


(16) 


Thus, if Pi = P 2 = P, and Pm-^ P is greater than 
0.9, the maximum values of/i and /a are equal within 
one-half of one per cent. Fig. 5 shows calculated 
curves for /i and /a. 
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Before Case II is considered, equations (9) and (10) 
which give the m. m. f. of the primary and secondary 
for this case, will be expressed in terms of current 
instead of m. m. f. These equations involve the 
permeances Pi, P 2 ,-and P^, and "the magnetizing 
m. m. f., P„, which are related to the total per cent 
reactance and normal current /„ as follows: 

Let P 1 — P„ = leakage flux of the primary per 
ampere tm-n, 

and P 2 — Pm — leakage flux of the secondary per 
secondary ampere turn. 

Per cent reactance of primary 


^ (leakage flux of primary at normal current) 

normal flux 

but Fm Pi = normal flux 

and Pn (Pi — Pm) = leakage flux of primary at nor¬ 
mal current. 

Therefore, the per cent reactance of the primary is 

Fn (Pi - Pm) 

PmPl 

JP T 

And since 

the per cent reactance of the primary is 

In (Pi-Pm) 

ImPl 


Assuming Pi = P 2 = P, and that the primary and 
secondary ampere turns are equal, then the total 
reactance corresponding to normal current will be 
two times the primary reactance. 

Therefore, ~ (17) 

X fn Jr 

The initial value of the short-circuit current is equal 

to normal rated current divided by the per cent total 
reactance. 


Therefore, Jo = 
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And substituting the value of X, from (17) 



(18) 


Since 




■\/2 Ifn, 


Equation (12) may be rewritten in terms of current 
as follows; 







cos 0 } t 


(19) 


In the ordinary machine is about 0.95, so 

lo may be substituted in (19) for 


PiP, 

Pn? ~ 


without a significant error because the difference 
between 7o from this expression (assuming Pi = Pj) 
and Po from equation (18) is only 2 1/2 per cent. 
Likewise all the m. m. f. equations may be rewritten 
in terms of current as follows: from (11) 

iu-f = ■\/2 Iqi ( 20 ) 

and from (12) 


iia-c- = — ^/2 loi cos cat (21) 

The total short-circuit current in the pr imar y is the 
sum of the two components. That is. 

ii = iu.c. -1- = V2 7oi (1 - cos w t) (22) 

Also from (1^ 

^2d-c* “ \/2 7 o2 ^23] 

And from (14) _ 

iia-e- — '\/2 Id2 cos CO t (24) 

And the total short-circuit current in the secondary is 
the sum of the two components. 

«i = iid-c- + ka-c- = \/2 7o 2 (1 — cos CO t) (25) 
ihese equations were developed on the assumption 
of zero resistance. Multiplying (22) by 
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€ 

and (25) by • 

€ "0 

takes into account the effect of resistance. The final 
equations then become: 

ii = V2 hi (1 - cos CO i) (26) 

and H = V2 hi ^ h (1 — cos co t) (27) 

Case II. Polyphase Short Circuit 
Polyphase primary, one phase of secondary excited 
with direct current. 

This case requires only three equations for the 
solution since the secondary is single-phase. The 
equations summing up the flux in the machine are 
as follows: 

1. Total flux of the primary, 

flPl + fiPmCOB ost = FmPm (28) 

2. Total flux of the secondary, 

fi Pi "1" fl' Pm — Pm Pi (29) 

3. Primary flux in line with the rotor pole, 

f 1 Pi + Si Pm = Pm Pm cos Olt ^ (30) 

Solving equations (29) and (30) for Si gives 


Si — Pm 


PlP<. 

p 2 

A- m 


COS 0) t 


ill- 

Pm^ 


(31) 


Solving equations (28) and (31) for Si gives 


Si ~ Pm 


in 


Pi 


Pi Pi 

P 2 

JL m 


-1 


1 iiii 
I Pm^ 


COS CO f - 1/2 (1 -f cos 2 CO t) 


(32) 


Case III. Single-Phase Short Circuit 

■fl 

Polyphase induction motor or generator. It is 
assumed that the third line is opened at the instant 
the other two are short-circuited. 
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Let 5 = angle between center line of flux and center 

me of short-circuited phases at the instant of short 
circuit. 

The flux caught in the short-circuited phases is, 

#1 cos 5 = Pi cos 5 

The flux in the rotor is, 

-^2 = P„P„ 


(33) 


Summing up the flux as in the previous cases gives the 
equations necessary for the solution. 

The total flux of the primary is, 

/i-Pi 4 - / 2 'Pm - Pi cos 3 

The total flux of the secondary is 

/l Pm cos a t + fzPi = FnPm (34) 

The secondary flux in line with the stator pole is 

/l Pm + /2' P 2 = Pm Pm COS CO t (35) 

Solving (33) and (35) for/i gives 


PiP 


/i =P« 


p 2.■ ^ ““ COS 0) t 

x m 

PTPa - 

PJ - 1 


and solving (36) and (34) for U gives 


h = Pm 


TO 


P 1 P 2 

P 2 


- 1 


(36) 


Pi P 

-p^ cos 5 cos (At - 1/2 (1 -f- cos 2 CO t) 

■ (37) 

If the short circuit occurs at 5 = 90 deg., that is 
at maximum voltage, (36) becomes 


h 


P 


COS CO t 


TO 


Pi Pi 

p 2 


(38) 


and (37) becomes 
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/! 


m 


m 


Pi Pi 
pj 


1/2 (1 + cos 2 a 


t) } 


(39) 


Case IV. Single-Phase Short Circuit 


Single-Phase Stator, Single-Phase Rotor. 

Let 8 = angle between center line of stator pole and 
center line of rotor pole at the instant of short circuit. 

The total flux of primary at the instant of short 
circuit is 

$1 = Fm Pm cos 8 
and the flux of secondary 
$2 = FmP2 

At any time after short circuit the primary flux is 
/l Pi + /2 Pm cos wt = Fm Pm COS 8 (40) 

and the secondary flux is 

/l Pm cos 03 t -1-/2 P 2 = Pm P 2 (41) 

Solving these equations for /i gives 


/l =Pm 



_ cos 8 — cos (a t _ 

- 1/2 (1 -f COS 2 ut) (42) 

^ m 


Solving for/a gives 




P1P2 

Pm® 

in 


cos 8 cos 03 t 


P1P2 

Pm“ 


— 1/2 (1 -f cos 2 03 t) 


(43) 


If the short circuit occurs at 8 = 90 deg., that is 
maximum voltage, the equations become 



_ cos 03 t __ 

— 1/2 (1 -h cos 2 w t) (44) 


and 
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^ W _ 1 

.-'2 ---- 

1 — 1/2 p p (1 “t" cos 2 CO t) (45) 

Induction Motoe Data 
150-h. p., three-phase, 

60-cycle, 720-rev. 

per . 440-voIt. 

Normal current 185.. 

amperes. 

Resistance per phase 

of primary. 0.027 ohms-2.1 per cent 

Resistance per phase 

of secondary. 0.029 ohms 

Voltage Ratio: 

Primary volts per.. 

phase. 254 

Secondary volts per 

phase. 250 

Excitation, 58 amperes 

.— 440 volts 

Impedance, 175 amperes 

.. 71 volts 

Total reactance in prim- 

^ . 0.227 ohms, or 17 per cent 

Proof that Under Short Circuit the Magnetic 

INTBRLINKAGES OF THE CLOSED CIRCUITS MuST RE¬ 
MAIN Constant if Resistance is Zero. 

Consider an n phase, star-connected, induction 
generator with terminals suddenly 'short-circuited 
during normal operation. Then the voltage across am 
phase, say phase 1, between terminal and neutral is 

, d 

e. - ri -f — (Lj ^ 2 ^ -f S M, i.) (46) 

where r, L are respectively the current, resistance, total 
inductance of the particular phase under consideration, 
p — mutual inductance of other primary phases 

^ ^^h respect to the phase under consideration. 

ip = current at any time t in any of the other primary 
phases. 
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Ms and i, = similar quantities for secondary circuits. 
Neglecting resistance, this becomes, 

g = (j[,j + S Mp 4 + S Ms is ) (47) 

at 


By Kirchoff’s laws 

S i = 0 

and S = 0 (48) 

Adding the family of equations (47), 

— ; — {(Li i\ "1“ L2 "h Ls ^3 "t" • • ■ • ^''>) 

a t 


+Sikfp ip + S M, is] =net . (49) 

0 -M 0 ~n 

Considers Mpip. It is 

Q~n 

M12 ^2 “i“ -^13 '^'3 "i” -^14 '2^*4 ”f“ • • • • '^n 

” 1 “ -M2I “ 1 “ -^23 'i'Z “h A ^24 '^'4 “H • ■ • • ^ 2 n 

+ Mz\ii + Msiis + Miiii + ■ • • • Minin (50) 

+.etc. up to 

4” JWnl il “H Afn2 ia 4“ Mni ^3 4“ .... Mnin-l) i(n-.l) 


But by symmetry 

J 1^12 = Mii = ilf84 ~. = Mnl 

Mu = Mii = Mii = .= Mu-i)i (51) 

Mu = ^26 = Mae = . ■ • • • = M(n- 2)1 

etc. to 

Min = M 2 I = Mi2 = MiS =. Mnin-l) 


Hence 

S Mp ip = Mi2 S i 4- Mu S i + ^14 S i 

4- , . . . Mm Si = Si (M12 4- Afi 3 

4" . . • • ’ il^ln) 


But by (48) 



(52) 


Therefore, 

S Mpip = 0 , (53) 

Consider S Identifying the secondary cur- 

0 ~w . . 

rents i, in the different secondary phases by ii, 42 , 
etc., and also designating the variable mutual 
inductances Ms between the several secondary phases 
and any particular primary phase by subscripts, the 
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first indicating thG particular primary phase, the second, 

the secondary phase, the following relations can be 
written : 

2 Ms is 

0 ~n 

= Mnii + MuU + Muis + . . . .Minin 

-j~ 71^21 il + M22 i^ “h M2Z '^*3 4 ” • . . . il^2n in 

+ Mzi il + Mz 2 iz + Mzz ^3 + . . . . Mzn in (54) 

+ . . . . etc. to 

+Mnl il + Mn 2 4 + MnZ ^*3 + . . . . Mnn ip ' 

But by symmetry 

Mil = M22 = -M33 =....= Mnn 
Mu = M23 = M34 = . . . . = Mnl 

Mis = ikf 24 = Msq =....= Mn 2 (55) 

etc. to 

Min = M21 = M32 = MiS =....= Mnin-l) 

Hence 

2 Msis = + Ml 2 S^; + Mi 3 S 2 ; 

+ ... . Min S i = S i, {Mil + Mi 2 

+ M13 + . , . .Min) ( 56 ) 

etc. 


But by (48) 
Hence 


Si =0 
S M,L = 0 


Q~n 


(57) 


Assuming constant permeability and neglecting tooth 
ripples, 

Li = U = U =....= Ln = L (58) 

Therefore 

Li il + Z/2 i + Lz i -f" . . . . Z/„ in = L ^ i 
But S i = 0 

Hence 2 L i = 0 ( 59 ) 

Therefore, by (53), (57) and (59) 

Bt = 0 

and 


Li + SM^ip -|- 2M,i = constant. 

That is, the magnetic interlinkages of any particular 
phase must be constant, under short circuit, if the resist¬ 
ance of that phase is zero. 
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Discussion on ''Short-Circuit Current op Induc¬ 
tion Motors and Generators-' (Doherty and 
Williamson), New York, N. Y., February 18, 
1921. 

V. Karapetoff: As Mr. Doherty stated there 
has been a mistaken impression among engineers that 
an induction generator or motor has no "kick" to it, 
that IS, when short-circuited it dies passively. The 
oscillograms given in the paper conclusively show a 
large transient cu^ent which is a superposition of an 
alternating and direct current in each phase, and of 
course, the initial values are those of the regular 
current at the instant of short circuit. Insofar as 
these experimental results are concerned we have to 
be fateful to the authors, and the only suggestion I 
would make would be to have these oscillograms 
provided with scales, so that we could judge about the 
absolute values of the currents. 

When it comes to the theoretical part of the paper, 

I am not sure whether the fundamental assumptions 
are correct or not. I made some search among the 
standard works on electro-magnetism, but could find 
no clear statement of a physical law that applies 
exactly to the conditions in this case. For that 
reason I regret that the authors started with one or 
two assumptions which may be correct—maybe not. 

1 should like to see these assumptions supported by 
the classical fundamental equations of electro-dynamics, 
m order that we may start this new branch of investiga¬ 
tion on a solid ground.^ 

You will notice that the whole treatment of the 
theory is based on Lenz's law. There are as many 
statements of Lenz's law as there are books on elec- 
. At any rate, Lenz's law does not cover in 
Its original form the case of an inter-connected sta¬ 
tionary system of conductors with another inter¬ 
connected electrical system in an inductive relationship 
mereto, and in a relative motion with respect thereto. 
Ferhaps the law can be extended to cover the case, 

X ^ 1 l^ke to see it so extended and definitely 

stated, before applying it. 

state that the total linkages of the flux 
with the primary at the instant of short circuit, remain 
ccmstant, or, as they put it in another place, the flux 
which has been revolving before the short circuit, 
becomes stationary with respect to the stator winding. 

1. The author in his closure to this disseussion has met the 
objection cited and Prof. Karapeto:ff has agreed to withdraw 
his criticism.— Editoe. 
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This can be readily shown to be the case in a system of 
individual windings, not inter-connected into a three- 
phase system, and provided that the primaries and the 
secondaries are stationary.. But is the same conditSn 
true in the case under consideration? 

I shall use an analogy, and I shall begin with one 
phase m the primly and one phase in the secondary. 
This is case No. 4 in the paper. Suppose we make this 
case analogous to the movement of a single material 
point. If the material point has been under constraint 
of certain external forces, and then at a certain instant 
let go by itself, the subsequent motion can be simply 
described in terms of the velocity at the last instant 
of the, constraint. Now suppose that you have two or 
more inter-connected windings. This corresponds in 
our analogy to a system of several material points 
connected by rods to form a system. Let this system 
at first be moving under the influence of some external 
forces, and then let these forces disappear at a certain 
instant. It is not correct to state that each point will 
move along a straight line in the same direction and 
at the same velocity as it did before the change in the 
^^o’^ditions. No,—you have to consider the motion of 
the center of gravity of the system and the motion of 
the individual points about the center of gravity. 

Now, an interconnected electrical system like the 
three-phase stator, has certain degrees of freedom, 
electrically speaking, in that the linkages of the flux 
with each individual phase may vary, and yet the 
total linkages may vary in such way that the system 
, as a whole will satisfy certain fundamental differential 
'equations of electro-mechanics. I expect to discuss 
this matter rnore fully with Mr. Doherty, and theniwrite 
a mathematical contribution to the discussion. 

While this may seem like splitting hairs and going 
too far back to the fundamentals, I should like to see 
it done just once, in order either to prove or to disprove 
the fundamental assumptions of the authors. Then 
those of us who wish to pursue this problem further 
will be absolutely sure that they are working on the 
correct foundation. 

L. E. Widmark: The subject brought up by the 
authors is a very interesting one and so are the results 
obtained, but I most heartily disagree with the mathe¬ 
matical treatment of the problem and will herewith 
suggest a quicker and more general solution. 

What is in, fact the main difference between the com¬ 
plete short circuit of a synchronous generator and that' 
of the induction variety? ' 

Is it not that, in a synchronous generator the ex- 
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citation and main current are located in different 
circuits with highly different time constants and in_ an 
induction generator in one, meaning the same time 
constO/Tit^ 

Applying this last condition to the ordinary differen¬ 
tial equation containing exponentially dying awa.y 
sinus-function of the voltage opposed by the ohmic 
and reactance terms, the complete and general solution 
immediately will appear. 

We get 

i = —— T € * { C ~ cos (2 TT ~ i)} 


27rL 




(short circuit started at maximum yoltage, [otherwise 
add an angle /3 to the cosine expression) 

The following interesting results will at once be at 
hand. 

E e sin 2 tt cot = [Ri + L ^^ 


n V 


di 


ndv 


dt 


dt 


-\-v 


d t 

d n 
~dt 


-t 

E e ^ sin 2 TT 60 i 


En, +L 


Rnv+ Ln 


d V 


n 


V L 


dt 
d V 


dt 


V 


k 


) 


R 


0 


E e ^ sin 2 t o) t 


R 


L V 


d n 


dt 


E 


{ C —[cos (2 TT oo t) } 


n V 


k L 2 TT 
E e ^ ^ 

■ 2irnL ^(2 x « «) } 


k 


n 


The authors are right when it comes to the general 
shape of the current. They are even more right than 
they themselves believe they are, because the expres¬ 
sion holds good not only under assumption of zero 
resistance, but irrespective of the relation between 
J? and X. Especially interesting is that, what the 
authors term the initial current, is only determined by 
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L, no matter the value of R, That does not mean 
however, that the maximum amplitude is independent 
of R. The attenuation factor takes care of that. 

We note further how well this equation takes care of 
the d-c. component. We have it embodied in the 
integration constant and it requires only a simple 
subtraction to get it determined for any value and time 
position of the current at the start of the short circuit. 

Now, I want to draw attention to another interesting 
feature. Comparing voltage and current we find that 
the current is 90 degrees apart from the voltage and 
still represents energy. I repeat it, Zero power factor 
and wattful current! Enough power to melt down the 
machine —but zero power factor. The explanation, of 
course, is found in the fact that the decreasing ampli¬ 
tudes of current and voltage produce decreasing watt 
waves and the succeeding wave cannot knock out the 
preceding one, as is the case with equal amplitudes. 
There is something over, that is enough to supply the 
more or less destructive development of heat that 
constitutes a real short circuit. 

At last a few words in regard to the most important 
case—the single-phase short circuit. In practise this 
one will be the most important one, because you cannot 
expect “the fellow that is going to drop that monkey 
wrench’^ to hit all the three phases at the^ same time. 

We will now get a combination of the induction and 
synchronous short circuits. The original revolving 
field will, step in step with the dying away of the one- 
phase excitation, dissolve itself in two rotating fields 
revolving in opposite directions. Conditions will now 
be exceedingly complicated, but it is safe to say that 
the induction generator will not be in a better position 
than an ordinary synchronous generator, maybe worse. 

As this last case, as said before, has the most practical 
importance, it seems to me that the hope to get a more 
or less fool-proof generator^ by using the induction 
t3rpe, is only a technical illusion. 

M. I. Pupin: I was much pleased by the statements 
made by my friend, Prof. Karapetoff. There are 
engineers who do not think that way. The very 
method that Prof. Karapetoff brought out so beauti¬ 
fully is one that I follow in my classroom, and I worked 
out the theory of the single-phase induction motor and 
the' pol3q)hase induction motor following that method 
and the result is so simple that even the average under¬ 
graduate student could understand it. The best 
test of a method is that which has been applied to the 
undergraduate student. If he likes it, it is all right. 
Do not serve it to grown engineers, who have a lot 
of things in their heads that they got in the shop. It 
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IS easy enough to write what is called the mathematical 
theory of certain electrical phenomena when you have 
the blueprints before you, and know beforehand what 
you ought to get. Start with the fundamental principle 
and get what you ought to get, and then you are 
perfectly sure that you are right. Besides, going 
back to the fundamental principles is a thing that we 
ought to encourage. What do we see here in these 
fundamental principles represented in the equations 
put on the blackboard by Prof. Karapetoff? What do 
they say? They say that the rate of variation of 
magnetic momentum gives you a reaction. Who said 
that. Newton, Faraday and Maxwell. It is their 
formulation of the fundamental laws which we always 
ought to repeat at every step, 

y^^,say that there is a drop—I hate that term 
d^op, I always called it the dissipative reaction. 
You are dealing in electrical circuits with nothing but 
reactions, and we have dissipative reactions and 
non-dissipative reactions. That dissipative reaction 
was discovered by two great men in science, Ohm and 
Joule, Bet us remember these two men every time 
we measure the reaction of a wire due to the heating 
produced m it by the electrical current; do it and you 
will never go astray, 

Diamant:^ A very important practical 
question raised in this paper, and which the writers 
state prompted them to undertake the study of sudden 
short circuits of induction motors and generators seems 
to be: Is the suggestion correct that the installation 
or induction generators may prove a partial solution of 
the short-circuit problem? I think it would be quite 
interesting to have some information in regard to this 
point, example, I wonder if the writers could give 
us in a tabular form the average, high and low values 
Ox re^tance, and armature and field attenuation factors 
Ox ordinary synchronous and induction tjme machines 
ranging from 100 kv;^. to the largest commercially 
successful machines. From this sort of average data 
one could easily calculate the maximum sudden short- 
circuit current that different types and sizes of machines 
could deliver; also the attenuation factors would give 
us an idea as to the rate of decay of current in each 

C3^S0« 


It seems to me that the size of machine or the available 
powCT back of a circuit are important as far as “danger” 
of short circuit is concerned, but the theory and 
underlying pnnciples of the phenomenon, I Mieve 
the^same irrespective of size. Thus oscillograms 
obtained from small machines, having comparatively 



1921] 


DISCUSSION 


545 


high resistance, may and do appear quite different 

from those obtained from large machines. 

Referring to the physical explanation given in the 
paper, some readers may find the following due to 
Boucherot interesting and easy; Starting from actual 
facts we know that the field fiux changes from, let us 
say, 100 per cent before the short circuit to zero at the 
end of the short circuit; similarly the flux enclosed by a 
given phase may be anything between let us say 100 
per cent (on a differerit percentage) and zero, depending 
on its position at the instant of short circuit. Now this 
change or decay_ of flux manifests itself as a direct 
current which dies down according to the attenuation 
factor of the field or armature depending on whether 
the change of flux is in the field or armature. Thus, 
turning to the current equations given by Berg or 
Boucherot we find: 

i = (A cos di) -f (Acos 0) e^ 

where = attenuation factor of armature 
cc/ = " “ “ field 

6i = uti = time angle at which machine is 
short-circuited 

A = constant = e. m. f. divided by imped¬ 
ance or reactance. 

Now if the short circuit occurs when the e. m. f. wave is 
passing through zero so that 0i = 0 then the first 
term pf our equation is maximum and represents the 
decaying direct current which is due to the change of 
flux in the phase under consideration. If the short 
circuit occurs when 6 i = 90 deg. then there is no change 
of flux and no direct current in the phase under con¬ 
sideration. Also, it will be noted that this decaying 
direct current dies down according to cca. The second 
term is due to the change of flux in the field and dies 
down according to a/, and is independent of the time 
of short circuit; it is a decaying symmetrical alternating 
current and the total short-circuit current will be more 
or less symmetrical depending on the value of the &st 
term. Finally it is clear how the direct current rep¬ 
resented by the'first term will induce an alternating 
current in the field, etc. 

Another point I would like to touch upon is the 
mathematical derivation given by the authors. They 
start with ideal circuits without resistance and get 
their a-c. and d-c. components and then add them to¬ 
gether tb get the total current. This can hardly be 
called derivation of an equation. Here is the way 
Berg, for example derives the current equation: 
Start from the fact that, 

e. m. f. in a circuit = ir drop ix drop. 

Now then, the e. m. f. which is E sin d before the short 
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circuit dies down according to (iJi sin d) 
because the flux, as we have just seen is reduced from 
100 per cent to zero; furthermore the flux in the field 
dies down or can be assumed as a good approximation 
to die down according to the attenuation factor _«/. 
If we let a brother mathematician solve this equation 
for us:_ e. m. f. = ir drop + ix drop, we get a long 
expression for the current which was given above in its 
simplified form and which tells us that there is a d-c. 
cornponent and an a-c. component etc. Boucherot’s 
derivation is a good and beautiful derivation a little 
more complicated than the above; for further details 
the reader can consult Berg and Upsons, first course 
in E. E. p. 303 or the 1915 Trans. A. I. E. E., p. 2237 
where further references are given. In this connection 
referring to eq. (26) and (27) I would like to ask the 
authors why both the a-c. and d-c. components depend 
upon Ua or ri/Lo as they call it. Also is the short- 
circuit current independent of the time angle di at 
which the short circuit occurs? According to their 
equations it is. 

Under the heading of tests and conclusions, the 
pthors take up the question of what “the attenuation 
factor r/L” is and also what r is and what L is- I 
think an excellent idea of this can be obtainad as 
follows. Take a synchronous or non-synchronous 
machine and connect across its field let us say a source 
of direct current and by means of an oscillograph 
determine the rise of current in the field with the 
machine (a) stationary (b) running full speed and 
armature open and (c) running full speed and armature 
dead short-circuited. This is a simple test which 
has nothing to do with short circuits, etc., and will 
give you You can reverse the tests and find the 
rate of rise of direct current in the armature under 
conditions similar to (a), (b) and (c) as given above. 
Thus you can obtain ota. In ©very casG you will find 
that the values of a.; obtained from (a) and (b)- differ 
very little but they are several times smaller than at 
obtained from (c). The same is true of The 
reason for this is the fact that in (a) and (b) the rise of 
current in the field or armature as the case may be 
depends upon af or oia where: * 

a, = ohmic resistance of field , approx. 

self-inductive reactance of field circuit, approx, 
and 

oi„ = - ohmic resistance of ar mature, approx. 

self-inductive r eactance of aFm^~ap^x7~~’ 
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But, in case (c) we have the effect of the field on the 
armature and vice-versa, so that, in this case 

_ effective resistance of field, approx. 

~ total leakage reactance of field and armature 
reduced to field, approx. 

Similarly for eta, and let me add that the above are 
fundamental to all transients and so far my remarks 
had reference to the rise of direct current. Now, as 
shown in my paper, A. 1. E. E. Trans. 1915, p. 2237, if 
with the machine running full speed and the armature 
or field dead short-circuited, ct/ and <Xa be determined 
from the rise of direct current. These values of a/ 
and aa are found to be very close to the actual ct/ and 
eta obtained from sudden short-circuit oscillograms. 

In this connection those interested in these problems 
may find it profitable to_ refer to Prof. Karapetoff’s 
discussion and my own given in Trans. A. 1. E. E., 
1918. 

Finally in closing I would like to ask the v^iters if 
they can tell us more definitely what is the difference 
in average values of ct/ and eta for wound and squirrel 
cage type machines. In their title and certain para¬ 
graphs they refer in general to either type but in their 
tests and conclusions they seem to have in mind the 
wound type of machine only. 

Selby Haar: In my opinion the short-circuit tests 
would have been less open to doubt, if the generator 
had been disconnected from the motor at the moment 
of short circuit. I cannot help but feel that some of 
the short-circuit current recorded is generator current. 

R. E. Doherty: Following the suggestion of Prof. 
Karapetoff, the paper has been slightly revised, 
proving the fundamental premise by the classic equa¬ 
tions of electro-dynamics. That premise is: in a closed 
electric circuit without resistance the number of magnetic 
interlinkages must remain constant. 

In the paper as originally presented, this was taken 
as following from Lenz’s Law. That is, in such a 
circuit an incipient change in interhnakge would, 
by Lenz’s Law, cause currents to flow in a direction 
to oppose the change; and it seemed obviously unnec¬ 
essary to prove that the resistance being zero, the 
magnitude of that current would be limited only by 
the condition that thereactionor opposition be complete. 
This, however, improved in the following; also, the 
Appendix has been extended to cover the proof of what, 
in the original paper, was taken as a corollary to the 
above premise; namely, that the magnetic interlinkages 
must remain constant in each phase (or leg) of a short- 
circuited, star-connected, polyphase induction motor 
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or generator.^ This is true, even if as is the case, 
each phase is not individually short-circuited but 
instead is short-circuited in pairs (each two forming a 
closed circuit) provided the rotor and stator windings 
are each symmetrical polyphase systems of the same 
order: which is the particular condition under con¬ 
sideration. The proof can not however, be extended 
to cover unsymmetrical phases, or a different number 
of phases on the stator and rotor, unless each phase is 
individually short-circuited. Then it falls under the 

general case and the principle rigidly holds. 

Even m a three-phase star-connected alternator, 
with a definite pole field winding, the principle approxi¬ 
mately holds. In such a case, for instance, third 
harmonic (or multiple) variations of interlinkages 

could occur in each phase under short-circuit condi¬ 
tions. 

Consider any closed electric circuit 

(a) in relative motion to secondary circuits. 

(b) in multiple connection with other circuits. 

Let 

4, H, ic, etc. be the currents in the several individual 
lengths of the closed circuit. 

I/a 16, Ley etc. be respectively the inductances and 
^iC/f resistances of those lengths; 

Ml, M 2 , Ms, etc. be the mutual inductances between 
^ the closed circuit and the secondary circuits; 
iz, etc. be the .currents in the secondary circuits. 
^^i^^^?^g^^^tities are considered as variables. 2 
jBy Kirchoff's Law, 

e = 0 

Thus, 


{j'a ihTh ic'H'c "t" 

+ L b ih “1“ Lc %c "{“ . • 
That is 



. ]M[ I 'll 2 ^2 z H” 



2 i r +(S L i + s M iO = 0 
neglecting resistance this becomes 

^ ^ (2 L i -{- 2 ikf iQ =0 

What is the quantity in the paranthesis? It is the 
number of magnetic mterlinkages of the circuit. The 

2. M's variable by relative motion; L's may be variable either 
by saturation or by proximity to moving iron of secondary 
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equation says that the rate of change of the number of 
interlmkages is zero', pierefore the number is constant. 

Now if the turns in the closed circuit are not con- 
centrated, then it does not follow that the number of 
interlmkages in each turn is constant; but it does follow 
the total number in the closed circuit is constant, 
thus, the distribution of interlinkages per turn may 

be anything so long as the total number in the closed 
circuit is constant. 

Thus far no constraint has been placed upon the char¬ 
acter of the circuits except that they are closed and con¬ 
tain no resistance or capacity. The equations show, 
therefore, that the number of interlinkages in any such 
circuit cannot be changed, either by a change in the 
reluctance of the magnetic path or by the effect of any 
secondary coil or coils. 

Consider then the closed circuit formed by any two 
bars of a squirrel cage winding. It follows that neg¬ 
lecting resistance, the flux linked by the circuit must 
remain constant, regardless of rotor position or of 
currents in the other bars of the squirrel cage winding 
or in the coils of the primary winding. 

^ For the same reason, the interlinkages of any short- 
circuited phase of a polyphase winding must remain 
constant, provided that the phase is closed on itself 
and therefore does not depend upon another phase for 
return. In a Y-connected 3-phase winding short- 
circuited at the terminals, the closed circuit is not a 
single-phase but includes two. Any two of the 3 phases 
form a closed circuit in which, for the above reasons, 
the number of interlinkages must be constant. The 
question remains whether the interlinkages of each 
phase roust in this case also be constant. This is 
proved in the Appendix. 

Referring to Mr. Widmark^s discussion: he disagrees 
with the mathematical treatment of the problem. 
The author's method is to neglect resistance and thus 
determine the initial current wave; than approximate 
the effect, of resistance by introducing the well 

known exponential factor €~ir'‘ Mr. Widmark as¬ 
sumes a sine wave voltage multiplied by this exponen¬ 
tial to be the particular integral of his differential 
equation for the voltage in the closed circuit, the same R 
and L are assumed as in the exponential term oFthe 
inducing circuit. Still further, the important term 
representing the mutual induction between primary and 
secondary is omitted. 

Now the solution of the differential equation which 
really applies to the conditions is not easily solved. 
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They are, taking the simplest case of single-phase stator 
and single-phase rotor: 


+ +M 


d t 


d t 



and 

iiu + +M = 0 

ikf = Mo cos cot 

These reduce to the second order equation with variable 
coefficient, thus 

(Li L, - Mo^ cos= CO t) 

H—(r 1 Z ;2 4- r 2 Xi) -1- ^2 r i r 2 = 0 

which is obviously not as simple as the equation offered 
by Mr. Widmark. For polyphase, it is still more diffi¬ 
cult. The very object of the scheme of neglecting r 
as first approximation, is to obtain a practical solution 
of a practically hopeless equation. 

Mr. Diamant’s discussion consists largely of a reci¬ 
tation of the work done by Berg and Boucherot which 
he has from time to time written about. There are, 
however, a few -points to be answered. He asks why 
both the a-c. and d-c. components depend upon the 
same factor or ri/Li. Because the windings of 
the stator and rotor are practically the same; that is, 
have relatively the same resistance loss and reactance. 
This is, of course, only an approximation.' The paper 
states, “The above equations apply when the ratio 
Ti/Lo = )' 2 /Xo> that is, when ri = r 2 .” If ri a,nd r 2 
■ are significantly different, the components obviously 
would die out at the different rates of ri/Lo and r^/Lo. 

Mr. Diamant objects to the use of the theory of 
superposition' in arrmng at final equations. The 
objection is touched upon here, not because that was 
the method followed in the paper for it was not; but 
because it is an unusual vie'wpoint, not_ generally 
held by engineers. If direct proportionality is assumed 
between mechanical stress and deflection, or between 
current and voltage, or between leakage flux and m. m. f. 
then it is a perfectly safe and logical procedure in such 
cases to calculate each component separately and add 
them to obtain the resultant. But the authors didn’t 
do that, and they would answer the objection by refer¬ 
ring to equations (9), (10), and (26), (27) and their 
derivation. 

He asks if the current is independent of the time of 
short circuit. The equations are developed in terms 
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of resultant m. m. f. and not of current. For poly¬ 
phase short circuit the resultant m. m. f. is independent 
of the time of short circuit. For single jjhase short 
circuit, it is dependent upon the time, and is shown in 
the equations for the single-phase case, i. e. Case III. 
The angle 5 in equation (37) accounts for the time of 
short circuit. In the current equations (26) and (27) 
derived from m. m. f. equations (9) and (10), maximum 
values are taken. 

The results obtained on squirrel cage machines as 
compared with phase-wound rotors are practically the 
same. The only difference being a relatively higher 
resistance in the squirrel cage, and therefore a corres¬ 
pondingly shorter rotor transient. 

In reply to Mr. Haar, if the supply lines between 
generator and motor are short-circuited, the potential 
between any two lines at that point must be zero. 
Hence, no transfer of current could occur across the 
switch. 
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HYSTERESIS EFFECTS WITH VARYING 
SUPERPOSED MAGNETIZING FORCES 
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T he hysteresis effects discussed in this paper occur 
when magnetic fields are produced in iron by 
electrical circuits carrying simultaneously cur¬ 
rents of different frequencies. Investigations have 
shown that when two currents of different frequencies 
are so superposed, the losses in the iron corresponding 
to^ each frequency may differ greatly from those ob¬ 
tained when each frequency is acting alone in the cir¬ 
cuit. These effects are, therefore, particularly im¬ 
portant in the electrical communication field because 
of the practise of transmitting over one circuit currents 
of different frequencies. Predictions of the behavior 
of iron-cored inductance coils and transformers in such 
a circuit may be erroneous if based on measurements 
of the iron losses which have been made in the usual 
way with single-frequency test currents. 

These effects first became of importance in the plant 
of the Bell Telephone System as a result of the long 
established practise of arranging practically all the 
long telephone toll lines for simultaneous operation of 
telephone and telegraph circuits over the same wires. 
This system of “compositing” the lines has been gen¬ 
erally arranged to provide one grounded telegraph 
circuit over each of the two conductors used for the 
telephone circuit. Each of these telegraph circuits can 
be operated either “full duplex” or “half duplex”. 
In full-duplex operation a telegraph circuit is used to 
send messages simultaneously in both directions. In 
half-duplex operation the circuit is operated in only 
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one direction at a time but may be used in either di¬ 
rection. Thus as many as four independent trains 
of direct-current telegraphic signals may be passing 
over the two conductors provided for the telephone 
circuit.. 

The compositing of a hne is accomplished by the use 
of networks which transmit currents of frequencies in 
one range and discriminate against currents of fre¬ 
quencies in another range. A standard form of 
“composite set” is shown in Fig. 1. In the two wires 
of the line is inserted the network abed, consisting of 
inductances Li and capacitances Ci and C 2 , which trans¬ 
mits efficiently between the line and the telephone 
terminals, currents of frequencies in the range above 
100 cycles. Connected to each of the line conduc¬ 
tors are shown selective networks a e and d f each 
consisting of L 2 and C 3 , which discriminate against 
this range of frequencies, but transmit efficiently the 
lower frequencies, including direct current, used for 
the operation of the telegraph circuit. Each of the 
line conductors thus provides a grounded telegraph 
circuit. To each telegraph terminal of the circuit is 
connected a duplex telegraph set which, by means of 
the usual balanced bridge arrangement, permits two- 
way operation. • 

With the application of this compositing system to 
loaded telephone lines^ in which the inductance of 
the circuit is increased by the insertion at uniform 
intervals of toroidal iron-core inductance coils, it was 
observed that the operation of telegraph over long 
loaded circuits materially impaired the transmission 
of the telephonic currents. The effect was manifested 
by an irregular breaking up of the speech sounds which 
seriously interfered with the intelligibility of the tele¬ 
phone conversation, and in addition, the average volume 
of the received speech sounds was materially reduced. 
When a sound was sustained over the telephone system 
during operation of the . telegraph circuits, a rapid 
undulation or fluttering of the tone was observed. 

1. B. G-herardi. “Commercial Loading of Telephone Cir¬ 
cuits in Bell System,” Teansactions A. I. E, E. 1911, Vpl. 
XXX, page 1743, 
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This effect has become known as ''flutter'' and will be 
so designated here. 

Line Tests 

To obtain a quantitative measure of this flutter, 
tests were made to determine the effects which the 
telegraph currents had on the transmission of single¬ 
frequency currents in the telephone range. In what 
follows currents of frequencies in the range from 200 
to 2000 cycles will be referred to as "telephone" or 
"audio-frequency" currents. Currents corresponding 
to the usual d-c. telegraph signals or single-frequency 
currents in the range from 0 to 100 cycles will be called 
"telegraph" or "low-frequency" currents. 



Fig. 1—Composited Loaded Telephone Line Arranged 
FOR Recording Effect of Telegraph Operation on Trans¬ 
mission of Telephone Currents 


For these tests, a circuit such as shown in Fig. 1 
was employed. This circuit consists of a loaded tele¬ 
phone line at each terminal of which is connected the 
standard compositing arrangement for providing one 
duplex telegraph circuit over each conductor. The 
telephone apparatus at one end of the cable is replaced 
by an oscillator capable of sending into the line, cur¬ 
rents of frequencies in the telephone range. For re¬ 
cording the received current wave, there is connected 
to the other end of the telephone circuit an oscillo¬ 
graph vibrator, ¥2. This is operated through a step- 
down transformer or, in the later measurements of 
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flutter, a multi-stage vacuum-tube amplifier, in order 
to obtain enough current through the oscillograph to 
give suitable amplitudes on the records. The vibrators 
Vi and Va, of the oscillograph are connected directly 


Pig. 2— Flutter Effect with Cable Circuit Loaded with 
Inductance Coils Having 60-Peembability Cores 
Vi Telegraph current, half duplex, 17 dots per second. 

Va 800 cycle telephone current. 

into the line to record the telegraph currents over each 
conductor. The record of the telegraph current ob¬ 
tained is a combination of both the telegraph and the 


Pig. 3—Flutter Effect with Cable Circuit Loaded with 
Inductance Coils Having 60-Permbability Cores 
Vi—Telegraph current, half duplex, 9 dots per second. 

V 2 —800-cycle telephone current. 

telephone current, but the magnitude of the latter is 
small compared to the former. With this circuit, data 
regarding the flutter are obtained by making oscillo¬ 
graph records of the single-frequency telephone cur¬ 
rent received over the line with the telegraph operating, 
and also with the telegraph not operating. 
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Such tests were made in 1912 in connection with a 
loaded telephone cable between New York and Phila¬ 
delphia of about 90 miles in length. In this cable, 
coils having an inductance of 0.25 henry are inserted 



Fig. 4—Fluttee Effect with Cable Ciecuit Loaded with 
Inductance Coils Having 60-Peemeability Cokes 
Vi —Telegraph current, half duplex, 17 dots per second. 

Vi —800-cycle telephone current. 

Vs—Telegraph current, half duplex, 18 dots per second. 

at intervals of 1.25 miles. These “loading” coils are 
of an early type developed for cable circuits. They 
were made up on toroidal cores consisting of a number 
of turns of fine iron wire. These cores have an effective 



Fig. 5—Flvtteb Effect with Cable Circuit Loaded with 
Inductance Coils Having 60-Pebmbability Cores 
Vi—Telegraph current, full duplex. 

Vi —800-cycle telephone current. 

Vs—Telegraph cuiTent, full duplex. 


initial permeability of approximately 60. For a cur¬ 
rent of 800 cycles the ratio of received to sent currents 
over this circuit is about 0.31. The circuit has an 
attenuation per mile at this frequency of 0.013 and 
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corresponds in its total attenuation effect to a length 
of 10.7 miles of standard No. 19 A. W. G. cable (88 
ohms resistance and 0.054 microfarad capacitance per 
loop mile). 



Fig. 6—Flutter Effect with Cable Circuit Loaded with 
Inductance Coils Having 30-Permeability Cores 


Vi—Telegraph current, half duplex, 17 dots per second. 
V 2 —800-cycle telephone current. 


Fig. 2 is an oscillogram showing the flutter obtained 
over a circuit in this cable with an 800-cycle tele¬ 
phone current of 0.002 ampere sent out on the 
line. The telegraph was operated in one direction 



Pig. 7—Flutter Effect with Cable Ciecott Loaded with 


Inductance Coils Having SO-Pekmeability Cores 
Vi—Telegraph current, half duplex, 17 dots per second. 

Vn —800-cycle telephone current 

Vs —Telegraph current, half duplex, 18 dots per second. 

over only one wire, that is, half duplex on one wire. 
The telegraph current is that corresponding to a suc¬ 
cession of “dots” sent at a rate of 17 per second, and 
the maximum current reached is 0.055 ampere. The 
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oscillogram was started with the telegraph not opera¬ 
ting, and then by means of a commutator on the oscil¬ 
lograph the telegraph signals were placed on the line 
and removed near the end of the record. 



g—F lutter Effect with Cable Circuit Loaded with 
Inductance Coils Having 30-Permeability Cores 
V i—Telegraph current, full duplex. 

Vj—800-cycle telephone current. 

V3—Telegraph current, full duplex. 

It will be noted that the 800-cycle wave is constant 
in amplitude at the start, but that during telegraph 
operation, the amplitude is at times materially reduced. 
Fig. 3 is a record of the same conditions as Fig. 2 with 
the exception that the frequency of the telegraph “dots” 



Fig. 9—Flutter Effect of 800-Cycle and 200-Cycle 
Currents Superposed on Loaded Cable Circuits 


Vi —800-cycle current, 

V2 —200-cycle current. 

has been reduced to nine per second. From these 
records it is seen that a marked diminution of the 
800-cycle wave is obtained at intervals corresponding 
to changes in the magnitude of the telegraph current, 
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that is, when the telegraph current is increasing at the 
beginning of a telegraph signal or decreasing at the 
end of a signal. The time lag indicated on the oscillo¬ 
gram between a change in the telegraph current and 
the corresponding diminution in the telephone current 
is due to the fact that the telegraph record is taken at 
the sending end of the cable and the telephone at the 
receiving end. An appreciable time is required to 
propagate a wave over the loaded circuit. 

Fig. 4 shows for the same circuit the effect of half¬ 
duplex telegraph operation on each wire of the tele¬ 
phone circuit, that is, one set of telegraph signals 
passing over each wire. The signals on the two wires 
are sent at slightly different speeds, (17 dots per second 
on the first wire, oscillograph vibrator Fi, and 18 dots 
per second on the second wire, vibrator Vz) and the 
flutter effect is rather irregular. The combined effect 
of the two sets of telegraph pulses is greater than that 
obtained on the oscillogram of Fig. 2. 

Fig. 5 shows the effect with full-duplex telegraph 
operation over each wire, that is, when four sets of 
telegraph signals are simultaneously passing over the 
wires. In this case, also, each set of signals is a suc¬ 
cession of dots. The records of the telegraph currents 
show for each wire the combination of the signal cur¬ 
rents which are flowing in the two directions. 

Figs. 6, 7 and 8 are oscillograms taken over a No. 13 
A. W. G. cable circuit of the same length as that used 
for the above oscillograms but loaded with inductance 
coils of more recent design. These loading coils are 
made up on cores which have an effective initial perme¬ 
ability of about 30. The flutter effect with these 
coils is much smaller than that with the 60-permeability 
core coils. 

Fig. 9 shows an oscillogram in which the telegraph 
current has been replaced by pulses of 200-cycle cur¬ 
rent. While the 200-cycle current is superposed there 
is on the average a diminution of the 800-cyele current 
received over the circuit. This oscillogram was taken 
over a different circuit from those described above and 
therefore the results are not directly comparable. 

Two ratios may be used to express numerically the 
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effects shown on these oscillograms. One is the ratio 
of the average amplitude of the high-frequency wave 
obtained during telegraph operation to the amplitude 
with the telegraph not working. The second is the 
ratio of the minimum amplitude obtained during tele¬ 
graph operation to the amplitude of the undisturbed 
portion of the wave. The first ratio may be taken 
as a measure of the reduction in the volume of the 
transmitted speech sounds and the second as a measure 
of the distortion to which these sounds are subjected 
by the flutter. 

Table 1 below gives these ratios for the oscillograms 
of Figs. 2, 4, 5, 6, 7 and 8, showing for both cable cir¬ 
cuits the three conditions of tele raph operation 
namely, (1) half-duplex operation on one wire, (2) 
half-duplex operation on two wires, and (3) full-duplex 
operation on two wires. 


TABLE I 

Ratio of Amplitudes of Received 800-Cycle Current With and Without 
Telegraph Operation 


I 60-Permeability coils I SQ-Permeability coils 


Telegraph operation 

Average 

amplitude 

Minimum 

amplitude 

Average 

amplitude 

Minimum 

amplitude 

1. Half-Duplex operation 
on one wire. 

0.63 

0.34 

0.92 

0.81 

2. Half-Duplex operation 
on two wires. 

0.53 

0.11 

0.90 

0.78 

3. Full-Duplex operation 
on two wires. 

0.42 

0.08 

0.88 

0.75 


S im i lar investigations of longer circuits have shown 
that the flutter effect increases with the length of the cir¬ 
cuit. Its magnitude depends upon the type of loading 
coil, being less for coils having the lower permeability 
cores and also for those with lower flux density in the 
core. Tests on loaded open wirelines showed results 
similar to, although materially smaller than, those 
obtained in cables. The loading coils in open wire 
lines are spaced about seven times as far apart as in 
cable and are made up on large cores. 

It was observed, in addition, that the amount of 
flutter was affected by the following factors: The 
frequency and amplitude of the telephone current, 
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the speed at which the telegraph signals are sent, and 
the amplitude and wave shape of the telegraph signals. 
By studying these factors, it was found that the dimin¬ 
ution of the received telephone current increases as 
the frequency of the telephone current is increased, 
and for any frequency decreases as the amplitude is 
increased. When the speed of sending the telegraph 
signals is increased, or when the magnitude of the tele¬ 
graph currents is increased, or when the rate of change 
of the telegraph current at the beginning and end of a 
signal is increased, the flutter in the telephone current 
becomes greater. 

Since the flutter occurred only in loaded circuits, it 
was naturally assumed to be due to changes in the 
“constants” of the loading coils and therefore to 
changes in the total inductance or effective resistance 
of the circuits. The effects are transient changes in 
the magnitude of the received current or, since the 
current sent into the line is constant, there is a decrease 
in the ratio of the received to the sent current. Calling 
the received current 1 2 and the sent current h, the 
relation between this ratio and the attenuation a 
per unit length of the circuit is given by the formula 




( 1 ) 


where e is the base of the natural logarithms and I is 
the length of the circuit. For telephone frequencies 
well below the critical frequency (that is, the fre¬ 
quency beyond which the coil loaded line has pract'c- 
ally infinite attenuation) the attenuation constant is 
given by the relation 
a = 


Vl/2 V{R^ + P^L^) (G^ + + 1/2 (RG- f-LC){2) 

in which R, L, C and G are respectively the total ef¬ 
fective resistance, inductance, capacitance and con¬ 
ductance per unit length of the circuit and p is 2t 
times the frequency /. For the case of the loaded 
line, where p L is large compared to R, a close ap¬ 
proximation of equation (2) is 


a 


R 

2 VWC 


+ G/2 VL/C 



1 

I 
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For the circuit having the 60-permeability core load¬ 
ing coils the first term on the right-hand side of this 
equation is about eight times as large as the second 
term and the former is therefore controlling. Neglect¬ 
ing this last term in equation (3), the change in at¬ 
tenuation may be caused by an increase in the resistance 
or a decrease in the inductance. Referring to the 
average reduction in the received current given in 
Table 1 for the oscillogram of Fig. 2, there would be 
required an average increase in the resistance per 
loading coil of 200 per cent, or reduction in the in¬ 
ductance per loading coil of about 60 per cent, to ac¬ 
count for the attenuation obtained. 

The characteristic impedance of a coil loaded tele¬ 
phone circuit for the frequencies for which the above 
attenuation formula applies is given by the relation: 


ryr _ I E + J P L 

\ G+ypC 


(4) 


Since for telephone frequenc es p L and p C are large 
compared to R and G respectively, the relation may 
be reduced to the approximation 

Za = -y/L/C (5) 

Equation (5) shows that the impedance is affected 
by a change in the inductance of the loading coils, 
but, for the relative magnitudes of R and p L stated 
above, is insensitive to changes in resistance. Measure¬ 
ments of the impedance of the loaded circuits for 
frequencies in the telephone range had shown only a 
small change in the impedance when the telegraph was 
operated. On this basis then it is apparent that the 
flutter effect is not primarily the result of a change 
in inductance of the loading coils, but is due to a change 
in their effective resistance. 

LaborATORY Tests 

In the investigation to determine the explanation of 
this change in the resistance of the loading coils, con¬ 
sideration was given to data which had been accumu¬ 
lated on the various types of coils showing the effect 
of superposing direct current. The communication 
engineer is primarily interested in the inductance 
and effective resistance of a loading coil to alternating 
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current within the range of telephone frequencies. 
A characteristic curve showing how the constants of 
a 60-permeability core coil are affected by superposed 
direct current is given in Fig. 10. The ordinates are 
percentages of the original inductance and effective 
resistance increment respectively, and the abscissas are 
strengths of superposed direct current in terms of 
current I or magnetic field H. The relationship was 
obtained by using a special bridge circuit which enabled 
superposing direct current on the alternating current. 
In this bridge the loading-coil core was subjected simul¬ 
taneously to the action of a telephone frequency cur- 



DIRECT CURRENT-AMPERES 

Fig. 10—‘Variation of Loading Coil Inductance and 
Effective Resistance with Cycles of Direct-Cur¬ 
rent Magnetization 

rent and of a desired value of direct current. 

The inductance and effective resistance of the load¬ 
ing coil were measured with a 1000-cycle current of 
0.001 ampere. The values of L and R when there 
was no superposed direct current are taken as the 
original magnitudes from which the percentage change 
is calculated. In the curve of Fig. 10 the resistance 
which is plotted is not the effective resistance, but is 
the increment in resistance due to alternating current 
losses i. e., the measured effective resistance less 
the direct-current resistance of the coil. From Fig. 10 
it is seen that there is only a slight change in the in¬ 
ductance and effective resistance to the telephone cur¬ 
rent for a constant current strength not exceeding 0.1 
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ainiH'rc. Kur lai-aa-r values of superposed direct cur¬ 
rent there is a marked decrease in both of these quan¬ 
tities. 

The analy.sis of tlie attenuation and impedance re¬ 
lations of a coil loaded line which was given above 
indicated that the increased attenuation which ac¬ 
companied the teieeraph current could be accounted 
for only Ity substantial <‘hange.s in the effective resist¬ 
ance or iiuiuetanei' of the loading coil However, 
it has been slamlard practise in the plant of the Bell 
system, in order to guard against [iennanei\t magneti¬ 
zation of the coil cores, to limit the telegraph current 
to a maximum of t). 1 ampere. We need, therefore, 
<'onsider only the p.art of the curve iu the region from 





k 
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zero til (1.1 ampere direth <’urrent. For the o.scillograms 
referred to above only that part between 0 and O.O.'ib 
ampere is peiiinenl. since the latttT i.s the maximum 
\ able of icleer.'iph eiirretd used. It is evident, that the 
percentage ehatpu*;; iti the.se quantities shown in Fig. 10 
Would not aeeoiuit for the oh.served attenuation effee.ts. 
It. is further to be not<‘d that (he magnetic conditions 
pictured in Fig. 10 .are due to f.hts .simultaneous pa.s.sagc 
through tfse lo.ading coil wimling of an alternating 
eurrcjif and a lixeti value <»f direct current. The con¬ 
dition of the iron .so far as concerns th<? .superfiosed 
direct current i.s ‘‘.static.'' in a composite<i telephone 
circuit, however, th«! lo.ading coil has its audio-fre- 
fiueney magnetization .superpos(!d on iron which is in 
a “dynamic" stat«> due to the changing mtignetizatifjn 
which tin* telegraph curretit produces. Much considera- 
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tions early indicated the necessity for devising means for 
observing the effects on the loading-coil characteristics 
of the superposed magnetization due to telephone and 
telegraph cmrent when both were passing through 
rapid cyclic changes. 

It has long been known^ that when an alternating 
magnetization is superposed on a slowly varying mag¬ 
netization, the hysteresis loss of the latter is diminished. 
The energy expended in the iron to diminish this hys¬ 
teresis must come from a source other than that of the 
low-frequency current. The flutter effect is recog¬ 
nized then as a manifestation of the interdependence 
of the high and low-frequency hysteresis losses. If, 



Fig. 12—Circuit _op Special Bridge for Determining 
Flutter Effects 

in any case of superposed magnetizations, there is a 
suppression of hysteresis for one magnetization, there 
is found an accompanying complementary phenomenon, 
the flutter effect, in the higher frequency magnetiza¬ 
tion. The present paper we believe to be the first 
publication of quantitative information on the reaction 
on the higher-frequency circuit of the hysteresis sup¬ 
pression in the low-frequency circuit. 

2. Finzi. Electrician Vol 26, p. 672, 1891, also, Gerosa and 
Finzi-Rendieontkdel R Fstituto Lombardo Vol. XXIV fase. X 
April 1891. 
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Mr. John Mills, an engineer of the Bell Sys¬ 
tem whose analysis had indicated the importance 
of the resistance component, suggested a form of 
alternating-current bridge to investigate these tran¬ 
sient or flutter effects. After considerable experi¬ 
mental work a form of alternating-current bridge was 
developed for the direct measurement of the effective 
resistance and inductance of the loading coils, for any 
desired instantaneous value of the superposed telegraph 
current. 

Description of Flutter Bridge. A simplified diagram 
of the bridge is shown in Fig. 11. The actual circuit 
employed is shown in Fig. 12. Two similar coils are 
tested simultaneously in series. Bridge arms A B and 
B C are non-reactive 1000-ohm ratio arms. Arm A D 
consists ,of a variable inductance of known effective 
resistance. Arm C D comprises the coils which are 
under test together with an auxiliary circuit in the 
form of a secondary bridge. The variable resistance 
between arms A D and C D may be switched into either 
arm at will. The alternator As is a source of telegraph 
current of a frequency of approximately 16 cycles. 
The recording system comprises an oscillograph and a 
multi-stage vacuum-tube amplifier through which the 
oscillograph is connected to the bridge circuit B D. 
The audio-frequency generator, Ai, and the recording 
circuit are connected to the bridge through double 
shielded transformers Ti and Tj. The bridge itself is 
thoroughly shielded electrdstatically in order to avoid 
false balances due to extraneous disturbances or un¬ 
balanced admittances to ground. The junction D is 
grounded so that imder conditions of balance the 
terminals of the recording circuit are at ground potential. 

The method of superposing the telegraph current 
on the secondary bridge circuit of arm C D requires 
some detailed consideration. The magnetic material 
under investigation is the core of a toroidal inductance 
coil. Two such similar coils are wound and connected 
in series. These are designated Xi and in the 
drawing. Two air-coils, Li and L 2 , also balanced as to 
inductance and effective resistance, form the other 
two arms of the secondary bridge. The pair of junc¬ 
tions XiLi and X 2 L 2 are obviously points of zero 


568 


FONDILLER AND MARTIN 


[Feb. 18 


difference of potential provided electromotive forces 
are impressed between the junctions Xi X 2 and Li L 2 . 

In duplex telegraph operation over telephone lines 
the telegraph current in the line may have a variety of 
wave forms, as illustrated by the oscillograms of Figs. 
2 and 5. Owing to the presence in the circuit of com¬ 
posite sets the telegraph pulses are rounded off. In 
the general case the telgraph current may be repre¬ 
sented by an alternating current of low frequency. 

In the operation of the flutter bridge the equivalent 
of a telegraph current is derived from a circuit com¬ 
prising a generator and a battery in series. The gene¬ 
rator gives an approximately sinusoidal wave and 
can be made to generate frequencies from 6 to 25 
cycles per second. The e. m. f. of the battery is ad¬ 
justed to equal the amplitude of the generator voltage. 
The series connection thus results in a current which 
pulsates between zero and a maximum positive value. 
The instantaneous current is, therefore, of the form 
i = It (i- + sin qt), where q = 2 ir times the fre¬ 
quency of the generator and 2 his the maximum cur¬ 
rent output. This, pulsating current was used instead 
of an alternating current, because it corresponds more 
closely to the wave form in half-duplex operation, 
which is in more general use than is full-duplex opera¬ 
tion. It was also found to give more severe flutter 
than an alternating-current wave. 

Special precautions are necessary to maintain the 
distribution of capacitance^ in the bridge circuit as a 
whole unchanged throughout the operation test. For 
this reason switches Si and Si are used to cut off the 
telegraph current without disconnecting any apparatus 
from the bridge. Switches S 2 and Si serve to pass 
the current through an oscillograph vibrator so that 
the telegraph wave may be observed and the relative 
values of the direct and alternating components properly 
adjusted.- The milliameter M A measures the tele¬ 
graph current. / 

With the bridge circuit described, measurements 
of the instantaneous changes in inductance and effec¬ 
tive resistance could be made with an accuracy of 
approximately 5 per cent. 
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In making the test it is necessary .to observe the 
telegraph wave in its time relation to the current 
through the recording circuit. This is accomplished 
by having the low-frequency generator direct- 
coupled to the oscillograph mirror, thus making the 
telegraph wave ''stand'^ in the field of view. 

When the telegraph current is zero and the bridge 
is balanced to the telephone current, there will be no 
difference of potential across the terminals B D. 
However, as soon as the telegraph current is applied a 
recurring unbalance is produced. The period of this 
phenomenon is double the frequency of the telegraph 
pulse. 

It will be recognized that the bridge as described 
comprises sources of two frequencies, a balanced mag¬ 
netic system which modulates the higher frequencies 
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Pig. 13 —Recorder Current with Bridge Balanced for 
Zero Point op Telegraph Wave 

by the lower, and a bridge connection which transmits 
to the recording apparatus only the modulated current. 

Operation of Bridge, The actual procedure in 
making a test is as follows: The main bridge is first 
balanced with the selected value of audio-frequency 
current of the desired frequency. The secondary 
bridge is also balanced for direct current after adjusting 
the current strength to the desired value. The tele¬ 
graph current is then adjusted to the required strength 
and frequency by switching in the oscillograph vi¬ 
brator Vi which gives a standing wave on the scale in 
the oscillograph field of view. The telegraph current 
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is then replaced in the oscillograph (using vibrator V 2 ) 
by the amplified current in the recording circuit, which 
is essentially the unbalanced audio-frequency current 
modulated by the telegraph current. During this 
observation switch S 2 is thrown to the right and 
to the left. 

Fig. 13 is an oscillograph record of the unbalance 
current and shows the variations in its amplitude 
during the making of a telegraph ''dot/' i e., during 
one complete pulsation. It will be noted that the 
two constrictions occurring in the current are sepa¬ 
rated by a time interval corresponding to the frequency 



Fig. 14 Variation op Increments of Effective Resis¬ 
tance AND Inductance with Phase op Telegraph Current 

of the telegraph pulses, 16.6 cycles per second. 

By suitable adjustment of L and R in the bridge 
arm A D, ^ balance can be obtained corresponding to 
point of the telegraph wave, thus giving the in¬ 
stantaneous values of the effective resistance and in¬ 
ductance of the secondary bridge arm C D correspond¬ 
ing to each point of the telegraph wave. The differ¬ 
ence between these values and those required to balance 
at zero telegraph current are used to obtain the instan¬ 
taneous changes in the iron-core coils by means of the 
following formulas: 
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Ai2 = - 

AR' 

(Li + L, + X^ + X,r 

( 6 ) 


2 

(Li + Z/ 2 )^ 

A L = - 

AL' 

(Li + Z/2 + 

( 7 ) 

LA JLJ 

2 

(L, + L,y 


where A R and A L are the changes in effective re¬ 
sistance and inductance respectively of the loading 
coils, Li and La are the inductances of the air-core coils, 
X\ and X% are the inductances of the loading coils, 
A W and A L' are the changes in resistance and in¬ 
ductance respectively, required to balance the bridge 
at the selected point of the telegraph wave. 

These equations are an approximation as they 
neglect the resistance of the coils. This is permissible 
as the ratio of reactance to resistance in these coils 
at the test frequencies employed is very large (about 
100 : 1 ). 



Fig. 15—Recorder Current with Bridge Balanced at 
First Peak op AJ? Curve op Fig. 14. 

Using this method the curve of Fig. 14 was obtained. 
It will be seen that the changes from Lo and Ra during 
the interval of a single telegraph pulse take the form 
of a double peaked curve, the maximum values cor¬ 
responding to the time in which the telegraph current 
is experiencing its greatest rate of change, the first 
when it is increasing and the second while it is decreas¬ 
ing in value. In the upper part of the figure the tele¬ 
graph wave is shown in its proper time relation to the 
flutter increments. Fig. 15 is an oscillogram of the 
recorder current, when the bridge is balanced for the 
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part of the telegraph wave, corresponding to the first 
peak. 


TABLE II 

Flutter Effect with Varying Telephone Current in a eO-Permeabilitj 
Core Coil. Constant Telegraph Current of 0.05 ampere, 16.6 cycles. 


Telephone current Increments per henry in telephone 

(Frequency 1600 cycles) circuit 


Current 

amperes 

Magnetizing 
force H-c. g. s. 
units 

Resistance 

ohms 

Inductance 

millihenrys 

Pow'er loss 
watts X 10-® 

0.0005 

0.023 

780 

74 

196 

0.0010 

0.045 

530 

43 

530 

0.0015 

0.068 

390 

29 

880 

0.0020 

0.091 

300 

21 

1200 

0.0025 

0.114 

230 

18 

1438 

0.0030 1 

1 

0.136 

165 

15 

1485 


TABLE III 

Flutter Effect with Varying Telegraph Current in a 60-Permeability 
Core Con. Constant Telephone Current of 0.001 ampere, 1600 Cycles. 


Telegraph current 
(16.6 cycles) 

Increments per henry in 
circuit 

telephone 

Current 

Magnetizing 
force H-c. g. s. 

Resistance 

Inductance 

Power loss 

amperes 

units 

ohms 

millihenrys 

watts X 10"® 

0.01 

0.48 

37 

3 

37 

0.02 

0.96 

105 

200 ' 

8 

105 

0.03 

1.44 

’ 14 

200 

0.04 

1.92 

340 

22 

340 

0.05 

2.40 

500 

39 

500 

0.06 

2,88 

660 

67 

660 


TABLE IV 


Flutter Effect with Varying Telephone Current in a 30-Permeability 
Core Coil. Constant Telegraph Cui-rent of 0.032 Ampere. 

16.6 cycles 


Telephone current 
(1600 cycles) 


Increments per henry in telephone circuit 



Magnetizing 




Current 

force H-c. g. s. 

Resistance 

Inductance 

Power loss 

amperes 

units 

ohms 

millihenrys 

watts X 10“® 

0.0005 

0.035 

180 

39 

45 

0.0010 

0.070 

110 

24 

110 

0.0015 

0.106 

80 

18 

180 

0.0020 

0.141 

65 

15 

260 

0.0025 

0.176 

60 

14 

376 

0.0030 

0.212 

59 ' 

14 

530 
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table V 

Flutter Effect with Varying Telegraph Current in a SO-Permeability 
Core Coil. Constant Telephone Current of 0.001 Ampere, 1600 Cycles 


Telegraph current 

Increments per henry in telephone circuit 

(16.6 cycles) 





Magnetizing 



Power loss 

Current 

force H-c. g. s. 

Resistance 

Inductance 

amperes 

units 

ohms 

millihenrys 

watts X 10-® 

0.01 

0.70 

18 

3 

18 

0.02 

1.41 

54 

10 

54 

0.03 

2.11 

98 

18 

98 

0.04 

2.82 

150 

28 

150 

0.05 

3.52 

204 

40 

204 

0.06 

4.22 

265 

58 

265 


The curve of Fig. 14 shows the increments of effective 
resistance and of effective inductance during one cycle 
of telegraph current for a definite value of the high- 
frequency current. For the purposes of the present 
investigation it was important to ascertain the effect 
of varying the values of both the telegraph and the 
telephone frequency current. This was necessary 
in order to determine the laws for the variation of 



AUDIO FREQUENCY CURRENT-AMPERES 

Fig. 16 —^Variation of Flutter with Telephone Current 

flutter, first with different telephone currents under 
fixed telegraphic conditions, and second, with dif¬ 
ferent telegraph currents under fixea telephonic cur¬ 
rent. In making these tests only the peak values were 
recorded, as these are of the most importance in 
comparing different core materials for flutter effects. 
The data given in Tables II, III, IV, and V were thus 
obtained. The values of incremeht resistance and 
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inductance are the averages of the two successive 
peak values. 

The hysteresis losses for the 30 and 60-pernieability 
core materials were determined for conditions of zero 
telegraph current from measurements over a range 
of telephone frequencies and current strengths. For 
the telephone conditions of Tables III and V, i. e., 
0.001 ampere and 1600 cycles, the total iron loss for 
the 60-permeability material was found to be 70 ohms 
per henry, of which 38 ohms is hysteresis loss. For 
the 30-permeability material the total loss is 37 ohms 
per. henry, of which 17 ohms is hysteresis loss. It will 
be seen by reference to Table II that the resistance 
increment (peak value) due to flutter in the 60-perme- 
abihty material is approximately 14 times the normal 
hysteresis loss resistance. 



Fig. 17 Vahiation op Flvtteh with Telegraph Cuhrent 


rne taDulated data the curves of Pigs. 16 and 17 

inflS f Fig. 17 shows the variation 

n flutter for a constant value of telephone current as the 

Si f li those given in the 

fl ^ reason that the telegraph current actuallv 
flowed through one-half of the coil winZg It S 

Jther thar, the one usually considS 

for telephome measurements (i. e, 800 cyeleST fdS 
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to magnify the flutter values, which increase with the 
frequency used. This is shown in Fig. 18 and 19, which 
give the flutter increments for varying telephone and 
telegraph frequencies respectively. 

Discussion of Results 

In the experiments, the audio-frequency magnetiz¬ 
ing force had, on the average, a value H = 0.05 c. g, s., 



Fig. IS—Varying Audio Frequency 
Telegraph current = 16.6 pulsations per second, 0.10 ampere m one 
line winding. Audio-frequency current, 0.001 ampere. 

Curves show peak values. 


corresponding to a normal telephone current in the 
loading coil windings. This is a very small force, 
yet it exceeds that for which the molecular displace¬ 
ments may, according to Ewing’s molecular theory, 
be taken to be perfectly elastic, i e. without hysteresis. 
The strength of audio-frequency current used develops 
only the initial permeability of the iron. The hystere- 



Yjg. 19— Varying Telegraph Frequency 
Telegraph current = 0.10 ampere. Audio-frequency current = 0.001 
ampere (1600 cycles per second) . 

Curves show peak values. 


sis loss in this region for hard iron is very small and can 
be detected only by careful bridge, measurements. 

3. Ewing, Magnetic Induction in Iron and other Metals 
1900, p. 302, 
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Such measurements can be used to separate the hystere¬ 
sis from the eddy-current losses by the method re¬ 
ferred to above. 

Computations based on a loss separation show that 
the increase in eddy-current loss due to the small 
increase m high-frequency inductance during the 
elegraph cycle would account for only a small fraction 
of the increased effective resistance- The balance 
0 the increase must be charged to an augmented 
ysteresis loss. That such a loss is due to the high- 
requency current assisting the low-frequency current 
to execute its hysteresis cycle is in accord with the 
work of previous investigators. 

_ The results of the tests described above are summar¬ 
ized m part by the following empirical equation, which 

W/Lo = 

in which, 

nroTuct increment (taken as the 

thP^n? ^ current for 

the corresponding point), for audio-frequency, 

tit =jnagnetizing force due to telegraph current, 
cufent.' to audio-frequency 

The inference has already been drawn that the in 

St cStttS 

to the Wr7 higher-frequency 

inbio f- r magnetization. It will be 

interesting therefore to review briefly the work of 
previous investigators on the subject of supZLd 

sirstht r ’■**“ “'■Stt 

i-hJlu ^ Geroza and Pinzit who observed 

toiin?T ^ tendency to suppression of thehys- 
0 a direct-current magnetization when alterna 
tmg-current magnetization wa^ superposed In Sr 

S2S5=="= 

tinn iT.® through this wire. The indue 

to the cun-ent in the coil gave a “lon^dtal” 

4. Loe. eit. 
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magnetization, while that due to the current in the 
ii’on wire produced a “circular” magnetization. Th^se 
Experiments also showed an increased initial slope of 
the B-H curve, indicating a greatly increased perme¬ 
ability of the iron to weak forces. 

Maurain* in an investigation of the action of the 
3V[arconi magnetic detector made experinients in which 
the specimen was subjected to two longitudinal mag¬ 
netizations, one due to direct current, the other to an 
oscillatory current. He found that under proper con¬ 
ditions the hysteresis could be completely suppressed 
in soft iron. 

Probably the most striking experiments involving 
hysteresis effects were those by Madelung®, who used 
a Braun tube to obtain on a flourescent screen the 
effect of superposing a rapidly oscillating magnetic 
force on the hysteresis cycle produced by a slowly 
varying magnetic force. 

Goldschmidt’^ investigated the effect of combined 
longitudinal and circular magnetization, the former 
being produced by direct current and the latter by 
an alternating current. He also remarked that the 
area by which the d-c. hysteresis loop is reduced ex¬ 
ceeds that of the normal loop of the superposed circular 
magnetization. Waggoner and Freeman* examined 
the extent of hysteresis suppression with a superposed 
alternating longitudinal field for a series of iron-carbon 
alloys. The results showed the reduction of hysteresis 
to be proportional to the carbon content. 

The present paper has dealt with the reaction in the 
high-frequency circuit instead of with the previously 
known effect on the low-frequency magnetization 
cycle. The basis for our conclusion that the so-called 
flutter in composited telephone circuits is complemen¬ 
tary to a suppression of the hysteresis normal for a 
magnetization by telegraph ciurents, appears from the 
following restatement of our experimental results: 

1. The resistance increment is proportional to the 
frequency of the telephone current. 

5. ‘C. Maurain. Comptes Rendues, Vol. 137, 914-916, 1903 

6. E. Madelung Annalen der Physik, Vo'. 17, 861, 1905. 

7. R. Goldschmidt. E.T.Z. Sl, 218, 1910. 

8. Waggoner and Freeman. Geji. El. EeriewJ, Vol.21,143,1918. 
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2. It is proportional for different grades of iron 
to the hysteresis loss nonnal for these respective grades. 

3. For larger telegraph loops having a greater 
average slope, the flutter loss increases correspondingly. 

The findings of this investigation have been of im¬ 
mediate practical importance in the design of the plant 
of the Bell system. The fact that flutter depends 
upon hysteresis has led to the employment of materials 
of low intrinsic permeability in the coils used for load¬ 
ing the important long toll lines. The cross-sectional 
area of the core has been proportioned so as to work 
the iron at very low flux densities. These require¬ 
ments affect also the design of other iron-cored in¬ 
duction coils and transformers which are used in circuits 
carrying currents of different frequencies. 

For long loaded cable circuits there has been de¬ 
veloped a telegraph system which has permitted a 
large reduction in the magnitude of the operating 
current. As a result of these factors the simultaneous 
operation of telegraph and telephone over a loaded 
cable circuit is satisfactorily free from flutter. A 
similar condition has also been obtained for the open 
wire lines. 

It has been suggested that a current of frequency 
above the telephone range be superposed on the loaded 
lines to suppress the hysteresis and thereby reduce 
the iron losses for the telephone currents. This would 
tend to reduce also the flutter caused to the telephone 
currents by telegraph operation. This proposal was 
considered some years ago, but has difliculties in the 
way of its practical application. For instance, the 
frequency of the superposed current must be much 
higher than the frequency in the important telephone 
range to be effective. This would require that the 
spacing of the loading coils be decreased to transmit 
the higher-frequency waves, because the upper fre¬ 
quency limit of the transmission range of a coil loaded 
circuit is, for a given inductance per mile, inversely 
proportional to the spacing of the loading coils. There 
is also the problem of transmitting over very long 
circuits the amount of high-frequency power nece 3 sary 
to effectively suppress hysteresis. 
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Reference has been made to the presence of hysteresis 
suppression in the Marconi magnetic detector. The 
test results discussed above indicate that this sup¬ 
pression causes a power loss in the high-frequency 
circuit, which we have termed “flutter.” These two 
effects, for flux densities well below saturation, are 
accompanied by a material change in permeability to 
the slowly varsdng magnetizing force. This chang:e 
in permeability, it should be noted, is not merely 
that due to a shift along the normal magnetization, 
curve, but results from a change in the form of the 
magnetization curve itself. The principle of oper¬ 
ation of the various forms of magnetic amplifier 
and detector for radio telephony and telegraphy is. 
such as to involve all of these actions. 

The experiments described in this paper deal with two 
longitudinal magnetizations of different frequency and 
apply directly to conditions encountered in the tele¬ 
phone and telegraph plant. The determination of the 
actual form of the magnetization curve under the ac¬ 
tion of two magnetizations presents an interesting field 
for further investigation. The most direct mode of 
attack appears to be the use of the Braun tube to 
obtain the dynamic magnetization curve in a manner 
generally similar to that employed by Madelung. 
Such an investigation could well be directed toward 
obtaining accurate data as to the relation of the total 
hysteresis with two or more magnetic forces acting 
simultaneously to the hysteresis for each force acting 
alone. The investigation should include an examina¬ 
tion of hard as well as soft iron, to determine the 
effect on B„ax for both forces as well as the change in 
area of the hysteresis loops. With a number of super¬ 
posed magnetic forces differing in their magnitudes 
and rates of change the further problem is presented 
of determining the interaction of any two of the forces 
in the presence of the others. 
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Discussion on “Hysteresis Effects with Vary¬ 
ing Superposed Magnetizing Forces” ( Fon- 
mi^R and^Martin), New York, N. Y., Febru- 

. J* The problem of magnetization has 

interested me for the last 25 years. The question 
the high permeability of iron is a subject which has 
mpletely investigated. What is that 
which we call permeability? Why should iron have 
distinction of having high permeability, so 
t + 1 .^ higher than anything else? All other members 
of the iron group like nickel and cobalt and manganese 
nave also their fairly good permeability, but nothing 
permeability of first-class iron. Within the 
last ten^ or fifteen years people have succeeded in 
making iron by a particular kind of cooling or heating, 
vacuum, that has a permeability of 
60,000 Perfectly enormous? Now what is it that 
gives the iron that enormous permeability? Well, we 
do not know; but it is a question which is being in¬ 
vestigated by several men at the present time. 

hive years ago, for reasons I need not explain here, 

K *®st the following proposition first made 

y •l-'OPd Raleigh, and mentioned by Ewing in his 
Rayleigh found that if you take an iron 
core, and magnetize it by direct current, and then super- 
® variable magnetizing force, that 
feeble, variable magnetizing 
force IS practically the same whether the iron be in a 
magnetized state or not, provided that the already 
existing magnetization established in the iron core bv 

StSM 

When you increase the magnetization by the direct 

^ then the per¬ 

meability for the feeble magnetizing force begins to 
dimmish. That was found by Lord Rayleigh- it is 
correct, but the question which I proposed to myself 
was this: Suppose that the magnetizing force which 
i® due to a direct current, but 

then if the super- 
posed feeble variable magnetizing force is of higher 
frequency what happens then? I found to my 
surprise that Lord Rayleigh’s rule does not hold— 
that both the pemeability and the iron losses as de- 
Wheatstone bridge by measuring the 
r®®i®tance would be very much increased, 
Particularly the resistance due to iron losses. 

T ^ ^ ^ made a little discovery and 

fcml' ^ Me discovery, but I believe 

Mr. hondiller made it also, independently of myself. 


jl 

j 


I' 


!■ 
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Mr. Fondiller, who had, as a pupil of mine, charge of 
the development work with loading coils, was bound 
to make that discovery, whether he wanted to or not. 
He stumbled into it. I did not. I walked into, you 
know, with my eyes open. Now, that is the difference, 
but then he is a young man, and I am not. But what 
I found in the laboratory on a small scale, he found on 
the actual line on a larger scale. It is a wonderful 
effect. He found that when a loaded line is used for 
telephony and telegraphy at the same time, that you 
had to know a little more, you had to have a little 
more knowledge than I disclosed in my patent. I did 
not intend the loaded line to be used for telegraphy 
and telephony simultaneously because if I had 
intended it for use both for telephony and tele¬ 
graphy, they would have had to pay a little more. I 
intended it only for telephony or only for telegraphy. 
They wanted to do something for which they did not 
pay, and they could not do it. It served them right. 
They found something they did not expect to find. 
They found that strong excitation imposed by the low- 
frequency telegraph current produced for the superposed 
feeble telephone frequencies a high resistance. The 
iron responded to be sure, to the high-frequency currents 
of telephony, but it responded differently. It had a 
different permeability and a different iron loss resist¬ 
ance on account of the large hysteresis loss, conse¬ 
quently the line did not work so well when the tele¬ 
graph was on as when it was off, that is there was this 
flutter which has been referred to. The flutter then 
indicates that what I found is correct—that iron has a 
different permeability, different resistance, that it has 
a very much increased resistance for high-frequency 
currents, when a low-frequency fairly strong and in¬ 
dependent magnetizing force is imposed upon the iron 
core. 

That subject I gave to a graduate student of mine, 
for a, doctor’s degree because when the war broke 
out we had other work to do. I made preparations 
to take it up again when the war was over, and 
I now have a student of mine who is working on it. 

Charles W’. Burrows : This paper is very valuable 
in that it presents actual oscillograph records of a 
comparatively little known phenomena. I feel con¬ 
strained, however, to take issue with the authors of 
this paper on the matter of their conclusions. At the 
middle of page 574 statement is made that the resist¬ 
ance increment due to the presence of the lower fre¬ 
quency magnetizing current, is 14 times the normal 
hysteresis loss resistance. This is equivalent to say¬ 
ing that the low-frequency magnetizing current mul- 


582 


HYSTERESIS EFFECTS 


[Feb. 18 


tiplies the hysteresis loss due to carrying the iron 
through a high-frequency magnetic cycle by 15. 

On page 566 near the top, the statement is made 
that the flutter effect is recognized as a manifestation 
of the interdependence of the high and low-frequency 
hysteresis losses. On page 576 we read ^"The inference 
has already been drawn that the increased power 
loss in the high-frequency current represents a transfer 
of energy from the higher frequency to the lower 
frequency magnetization. _ ^ . 

In my opinion these conclusions are not justified 
by the observed facts. 

Any such abnormal increase in hysteresis is contrary 
to anything which I have experienced; to a very close 
degree of approximation the hysteresis loss over any 
magnetic cycle in which the rnagnetizing current 
changes continuously and in a cyclic manner from one 
value to another, is a function of the change in magnetic 
induction existing at the extremities of the mag¬ 
netizing cycle and does not depend upon wave form, 
but does depend to some extent upon the average 
degree of magnetization existing during the cycle. 
This is the basis of the Steinmetz law. From a some¬ 
what careful reading of the paper, I am convinced that 
the authors have made a fundamental error in assum¬ 
ing that the permeability is constant. 

Instead of drawing the conclusion that the magnetic 
hysteresis varies under the service conditions indicated, 
I would draw the conclusion that the permeability 
is not constant. In justification of my criticism of 
this paper I wish to call attention to a few points in 
support of my contention that the observed phenomena 
indicate that the iron has a variable^ permeability and 
not a variable hysteresis of the type indicated. 

1. The assumption has been made that every 
alternating m. m*. f. is accompanied by a particular 
hysteresis loss independently of any other m. m. f. 
acting. Furthermore, it is assumed that if two m. m. f. 
act conjointly, the sum of the hysteresis energies is 
constant even though the distribution of hysteresis 
losses attributable to the individual m. m. fs. varies. 
The evidence cited is no justification for this conclusion. 
In fact it is quite possible to so modify the wave-form of 
an exciting m. m. f. by the addition of other m.^ m, fs. 
of higher frequency that the total losses- remain un¬ 
altered. A very valuable paper presented by Dr. 
Lloyd of the Bureau of Standards some years ago 
showed rather conclusively that the hysteresis loss is a 
function of the maximum range of iriduction and is 
independent of the wave form, provided only it is 
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not of such a nature as to introduce secondary hys¬ 
teresis loops. 

In the experimental work here outlined the mag¬ 
netizing forces range from very small values up to 
over four gausses and the assumption is made that 
throughout this range the permeability conditions are 
constant, whereas they probably vary from an initial 
value of 30 or 60 to a final value of 1000 or 2000. Any 
theoretical deductions based upon constancy of per¬ 
meability are therefore questionable. 

_ In the development of the equations (6 and 7) and 
in the use of these equations in the experimental work 
the assumptions has been made that the permeability 
is constant. As a matter of fact the theoretical 
argument and the corresponding experimental work 
demands that we use the differential permeability 
instead of the normal permeability. Furthermore, 
this differential permeability should be taken along 
the magnetic path of the hysteresis loop. This differ¬ 
ent permeability shows a much greater variation than 
the normal permeability. Near the tip of the hys¬ 
teresis loop the differential permeability shows a maxi¬ 
mum value for increasing magnetizing force and a 
minimum value for decreasing magnetizing force. The 
ratio between these maximum and minimum values 
may be several hundred. Consequently any argument 
based upon the constancy of the differential perme¬ 
ability is vitiated. 

The authors have furthermore overlooked the fact 
that the first cycle from a small alternating m. m. f. 
does not show the same magnetic character¬ 
istics as subsequent cycles. _ Because of this fact we 
cannot expect the same conditions to exist in a purely 
cyclic rnagnetization and in a near-cyclic magnetiza¬ 
tion which resembles a score of scallops rather than a 
repetition of a single closed loop. 

It is quite possible that some of the unbalancing of 
the bridge is due to energy which gets into the main 
bridge from the source actuating the secondary bridges. 
In this secondary bridge we assume that the iron is 
working under constant permeability. This assumption 
is open to question. To be sure the two iron-cored 
inductances are working under the same condition 
when there is no telephonic current flowing. The 
telephonic current has the effect of unsettling the 
balance between the loading coils. It will increase 
the magnetic induction within one toroid and decrease 
it in the other, but not necessarily to the same degree. 
Thus we may have a flow of energy into the other 
arms of the bridge. 

It is indicated in the paper that a pulsating current 
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of the same amplitude as an alternating current pro¬ 
duces a greater flutter than the alternating current In 
this case the pulsating current shows a greater variation 
from zero of the magnetizing current and would be 
expected to show a greater variation in permeability. 

In Table II the magnetizing force is 45 times the 
magnetizing current. In Table III the magnetic 
force is 48 times the magnetizing current. These two 
tables deal with the same toroid. The reason for the 
difference is not evident. 

To present the full argument in support of my con¬ 
tention would require careful consideration and more 
time. However, I believe I have presented the case 
with sufficient fullness to warrant the statement that 
the authors are in error when they conclude the follow¬ 
ing: 

^ 1. The flutter effect produces approximately 14 
times the normal hysteresis loss. 

2. The flutter effect is a manifestation of the inter¬ 
dependence of the high-frequency and the low-frequency 
hysteresis losses, and furthermore that they have fallen 
into these errors by failure to consider some of the 
minor but in this case important fundamental magnetic 
properties of iron. 

B. A. Behrend: Hysteresis effects in iron depend 
on many conditions and one of the most interesting 
phenomena in connection with hysteresis is that 
observed by Bailey and described in a paper about the 
year 1896 before the Royal Society. Bailey showed 
that at high inductions of 18,000 C. G. S. units and 
above, hysteresis loss in iron begins to disappear-and 
usually^ vanishes almost altogether at the point of 
saturation. This phenomenon is observed, however, 
only where the hysteresis is of the' 'rotatory’ ’ kind. Prof. 
Ewing in his book discussed this matter briefly and 
very generally without adding to it in any way and, 
in spite of the great importance of the subject, no 
laboratory tests have been made in confirmation of 
Bailey’s observations. Some twenty odd years ago, 
I made a series of tests which were conducted with 
fair accuracy and confirmed in every respect Bailey’s 
observations. However, it has seemed to me that this 
is a subject which has been neglected to an extent 
which is surely not warranted, and I have repeatedly 
called the attention of the professors in charge of uni¬ 
versity laboratories to the desirability of going over 
this field anew and recording the facts. 

W. Fondiller and W. H. Martin: We were very 
much interested in Prof. Pupin’s account of his work 
with two magnetizing forces of differing frequencies in 
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iron. His work gives a valuable confirmation of the 
conclusions given in the paper. 

With regard to Mr. Burrow's discussion, this is 
based on his assumption that the observed change in 
loading coil constants can be accounted for by a change 
in the permeability. On this basis Mr. Burrows takes 
issue with our conclusion that the increased power loss 
in the high-frequency circuit represents a transfer of 
energy from the higher frequency to the lower fre¬ 
quency magnetization. In predicating his discussion 
on this premise Mr. Burrows completely overlooks the 
results of tests on actual transmission lines given in the 
paper. These tests show that the line impedance is 
substantially constant, while marked changes in attenu¬ 
ation occurred when the telegraph current was super¬ 
posed on the telephone current. Mr. Burrows also 
disregards data included in the paper, when he states 
that we assume the permeability to be constant. We 
will take up his objections to our conclusions in the 
order in which they are given. 

1. Mr. Burrows states, ''The assumption has been 
made that every alternating m. m. f. is accompanied by 
a particular hysteresis loss independently of any other 
m. m. f. acting." This statement is surprising since, 
in fact, we have aimed to prove the contrary to be 
true, viz., that an alternating m. m. f. causes a hystere¬ 
sis loss which is dependent on the presence of other 
m. m. fs. Mr. Burrows also states that the paper 
assumes that if two m. m. fs. act conjointly, the sum 
of the hysteresis energies is constant even though the 
distribution of hysteresis losses attributable to the 
individual m. m. fs. varies, and that this conclusion is 
not justified. The data cited in the paper apply 
specifically to the iron losses and change in permeability 
to the high-frequency magnetizing forces. We did 
not state that the sum of the hysteresis energies is 
constant, as we did not measure the hysteresis loss for 
the low-frequency magnetization. Whether the sum 
of the hysteresis energies is constant is a matter for 
conjecture at the present time. What we do know is 
that a considerable increase in the hysteresis energy 
for the hig:h“frequency magnetization takes place when 
it coexists in the iron with the low-frequency magnetiza¬ 
tion. Clearly, this is a reaction on the high-frequency 
source, due directly to the superposition of the lower 
frequency magnetization and the inference that the 
high-frequency source supplies energy which assists the 
low-frequency force to execute the low-frequency 
hysteresis cycle, is, in our opinion, wholly justified by 
the experimental data. It will be observed further¬ 
more that this conclusion is not in conflict with the work 
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done by Dr. Lloyd of the Bureau of Standards, which 
Dr.- Burrows cites. 

2. Mr. Burrows states that it is assumed, the 
“permeability conditions” are constant, and that they 
probably vary in fact from an initial value of 30 or 60 
to a final value of 1000 or 2000. This is not correct 
if we consider the permeability to the high-frequency 
force, which is the one under examination in the paper. 
The permeability in question was not assumed to be 
constant, but actually measured under a variety of 
conditions. The change in both the 30 and 60 perme¬ 
ability cores is about 5 per cent and is indicated in 
Tables 2 to 5 inclusive, in terms of the inductance 
increments per henry in the telephone circuit. This is. 
very different from the percentage change of 3000 
per cent which Dr. Burrows suggests. This as noted 
above checks the line measurenaents which showed very 
slight changes in line impedance. If there were any 
large changeS^ in inductance of the loading coils, these 
would be reflected in the line measurements. 

The magnetizing force of over 4 gausses to which 
Dr. Burrows refers applies to the telegraph current 
and not to the high-frequency or telephone current. 
It should be stated at this point that in working out 
equations (6) and (7), simplifications were made in 
the formulas by neglecting a permeability change where 
it appeared_ as a small quantity in comparison with 
other quantities in the same factor. This should have 
been stated in explaining the derivation of the equations. 

3. With regard to the criticism that the differential 
permeability should be considered rather than the 
normal permeability. Dr. Burrows has apparently 
confused the permeability to the telegraph current 
with that to the telephone current. His remarks applied 
to the telegraph loops but have a very limited applica¬ 
tion to the telephone loop. We have actually measured 
the effective permeability to a small high-frequency 
force superposed on a large d-c. loop, using for the pur¬ 
pose a special bridge and the ratio between the maxi¬ 
mum value for increasing d-c. magnetizing force, and 
minimum value for decreasing d-c. magnetizing force 
is surprisingly close to unity. This will be evident from 
Fig. 10. The ratio of several hundred to which Dr, 
Burrows refers is_ not realized with magnetic materials 
of the kind considered in the paper. 

4. Dr. Burrows points out that the first cycle from 
a small alternating m. m. f. does not show the same 
characteristics a's subsequent cycles. This criticism 
does not apply, since in our experiments we measured 
the average effect of a train of cycles and did not deal 
with separate,first cycles, 
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5. With regard to the suggestion that part of the 
bridge reading reported as flutter effect is due to the 
telephone current unsettling the balance between the 
loading coils there is, of course, a theoretical possibility 
that the difference in relative phase of the telephone and 
telegraph currents in the two iron core coils might 
produce an unbalance foreign to the effect which we 
have described. This cause of unbalance would be a 
second order quantity, and would in our opinion, not 
be of sufficient magnitude to be measurable in the 
test circuit used. This follows from the magnetic 
characteristics of loading core material referred to 
above, namely that the differential permeability varies 
but little when the magnetizing force varies over a 
range from 0 to 5 gausses, the latter being the maximum 
employed in our tests. Data bearing upon this charac¬ 
teristic of very hard iron have since been presented in 
an Institute paper by Speed and Elmen, on “Mag¬ 
netic Properties of Compressed Powdered Iron,” June 
1921, published in this volume. 

In regard to the difference in magnetizing force of 
the coils in Tables 2 and 3, this was due to the difference 
in their windings, the cores alone being the same. 

In conclusion, it should be noted that the measure¬ 
ments recorded in the paper cover only a small part of 
a relatively unexplored field. The investigation of 
the mutual reaction of two or more magnetizing forces 
in iron varying in their relative strength and frequency 
affords an extremely interesting subject for future 
research. It may well be that such further tests would 
shed light on the significant question propounded by 
Prof. Pupin, “What is that which we call permeability” ? 
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LONGITUDINAL AND TRANSVERSE HEAT 
FLOW IN SLOT-WOUND ARMATURE COILS 


BY CARL J. FECHHEIMER 

Research Engineer, Westinghouse Elec. & Mfg. Co. 


I T has long been recognized that the heat generated 
in embedded armature conductors by the PR and 
eddy current losses in part escapes by transverse 
flow through the insulation from the copper to the 
iron (possibly, to a more limited extent, to the air at 
the ducts) and in part flows longitudinally along the 
copper to the ends of the coils exposed to the cooling 
air. The importance of a solution of the combined 
transverse and longitudinal heat flows has been 
realized, for upon these the internal copper tempera¬ 
tures must necessarily be dependent. Thus, it has 
long been known that in a machine of short core length, 
the iron temperature and temperature at the center 
of the machine by detector between coil sides could 
usually be reduced by increasing the volume of air 
blown upon the ends, but in machines of long lengths 
(say 50 inches or more), the temperature at the middle 
could not be so reduced. Again, it has been recognized 
that as a machine of a given diameter is lengthened, 
assuming a short core length (say 10 inches for the 
shortest) the temperatures increased, although the 
losses per inch of length remained nearly the same. 

Nor is a knowledge of the maximum copper tempera¬ 
ture, (say at the middle of the machine), the only 
temperature that is of importance. Some of the large 
a-c. generators of today are designed for maximum cop¬ 
per temperatures of the order of 150 deg. cent, and 
then, whether or not the core length be great, the 
temperature of the copper at the end of the core may 
be above 105 deg. cent., which temperature may re¬ 
duce the life of the fibrous insulation which is used on 
the end windings starting near the end of the core. 
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Inasmuch as designing and operating engineers 
are interested in the linear expansion of the straight 
part of the armature coil due to temperature changes, 
and are consequently interested in the average tem¬ 
perature of the length of the coil located in the armature 
slots they may find one of the derived equations 
(33a) to be of value. Again equation (33) gives a 
means of calculating the average temperature of the 
entire winding, that is, the temperature as measured 
by the change in resistance. 

The maximum copper temperature has usually 
been taken as the iron temperature plus the drop 
through the insulating wall, the influence of the tem¬ 
perature of the copper upon the PR loss being assumed, 
and ^possibly the calculation is then repeated to al¬ 
low for the new value of temperature. In this paper 
the condition for infinite length gives an equation 
(13) which brings in the temperature coefficient. 
The longitudinal flow has been solved by a number of 
engineers on the basis of constant losses; and Symonds 

and Walker have taken account of the temperature 
coefficient.^ 


As IS subsequently shown in this paper, none of the 
above equations is complete, and a general determina¬ 
tion of the internal temperature cannot be obtained 
with any reasonable degree of accuracy (except the 
maximum and minimum temperatures in longmachines) 
unless the simultaneous transverse and longi- 
tudmal flows be considered. A solution of that problem 
isoffered in this paper, anditishopedthattheequations 
may be useful to the designer who is frequently con- 
ronted TOth decisions in regard to the temperatures 
ot the embedded copper in the armature. So far as is 

V ® formulas published today 

which are solutions of this problem. 

The m athematical solutions offered in this paper 


derived in this paper reduce to the above 
nnWi, temperature drop considerine 

Equatio^Tarand" fonSS ZtT 

efficient of resistance into account. temperature eo- 
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were derived a little over three years prior to the writ¬ 
ing of the paper, but they were not published at an 
earlier date, because there were no experimental data 
available to check calculated temperatures along the 
copper. The mathematical solutions and data on the 
experimental checks are both given in this paper. 

Method of Attack 

The method of attack employed in this paper con¬ 
sists in solving two independent differential equations 
for heat flow, one for the embedded part of the coil 
and the other for the end winding, and then combining 
these two solutions at the point common to the two, 
viz., the copper at the end of the core. The method 
of combining the two solutions consists in equating the 
heat flowing longitudinally from the embedded part 
at the end of the core to the heat received by the end 
windings at the same point; in other words, the slopes 
of the two curves are equal at that point. In general, 
the temperature of the copper is at its maximum value 
at the center of the core, so that point is taken as zero 
for X; similarly the minimum temperature is usually 
not far from the extreme end of the end winding, and 
that point is chosen as zero for the independent vari¬ 
able for that part. (This is discussed further under 
“The points of Maximum and Minimum Temper¬ 
ature”). Then, considering the total heat gener¬ 
ated by PR and eddy currents between the zero 
of reference (point one) and some other (second) point 
longitudinally as being equal to the sum of the trans¬ 
verse flow between those points and the longitudinal 
flow beyond the second point, the fundamental equa¬ 
tions are easily written. 

All of the equations are based upon the conditions 
which obtain after the steady state has been reached. 
Consideration of the additional independent variable, 
time, changes the ordinary differential equations to 
partials, and complicates them so much even with 
constant iron temperature, that a solution in practical 
form has not been obtained. Although the partial 
differential equations are linear, and admit of integra¬ 
tion without difficulty, the combination of the equation 
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for the ends and slot portion bring about equations 
which are too complicated to be employed readily. 


The Iron Temperature 


In writing the equations for transverse flow, it has 
been assumed that the temperature of the iron adjacent 
to the outside surface of the coil is known. For most 
machines, especially those of short core length, it is 
sufficient to consider this temperature as the average 
of the temperatures axially, and the first equations are 
worked out on that assumption. However, it is 
realized that in some of the longer machines, this 
assumption may not be admissible and that the iron 
temperature may perhaps approximate a straight line 
relation with the length, reaching its maximum value 
at the center of the core; whereas, in other machines, 
the axial distribution of iron temperatures may not 
be far from a parabola, again with the maximum tem¬ 


perature at the center of the core. Equations have 
been solved in which all three assumptions of distri¬ 
bution of iron temperature have been considered. The 
general method of solution is the same for all three. 
Inasmuch as the assumption of constant core tempera¬ 
ture is the one which, in all probability, will be used 
most extensively because of its greater simplicity and 
sufficient accuracy, the supplementary derived equa¬ 
tions are given for that case only. 

It is hoped that methods for predicting the iron 
temperatures with greater accuracy than at present 
will be forthcoming. Such methods will probably 
include the rate of generation of heat in the various 
parte of the iron, the rate of flow of heat from the em¬ 
bedded copper to the iron, the transfer of heat from one 
part of the iron to another, and finally the dissipation 
of heat from the iron surface; the constants for which 
must of course, be determined experimentally. In 
the meantime, however, it should not be difficult to 
secure fairly complete data of the tooth temperatures 
01 machines, having stationary armatures of various 
proportions, by means of, say, embedded thermo¬ 
couples placed between laminations. Such thermo- 

3 f information 

a ally and radially; for with the deep slots employed 
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at present the variation in temperature of the iron 
radially is not always negligible. If the upper coil in 
the slot (the one nearer the air gap) has materially 
higher eddy current loss than the lower, and if in 
addition the temperature of the tooth adjacent to the 
upper coil is at somewhat higher temperature than the 
portion of the tooth adjacent to the lower coil, the 
upper coil will be at higher temperature as a result of 
the influence of both effects. In the machine, the 
tests of which are given in this paper, the lower tem¬ 
peratures of the lower coil are due almost entirely to 
the lower temperature of that part of the tooth. 
Fig. 11 gives an idea of the variation of tooth tempera¬ 
ture with depth. Undoubtedly, this variation in 
tooth temperature was largely due to'the not incon¬ 
siderable difference in induction density at the different 
depths; (the diameter of the machine was quite small). 

In many machines, it will possibly be sufficient to 
take as the iron temperature that of the core measured 
in the ordinary way by thermometer; a small cor¬ 
rection may be added. This should apply to machines 
like many of our standard induction motors and 
low-speed alternators having shallow cores and teeth, in 
which the temperature gradient radially cannot be very 
great. In the paper “Some Practical Experience with 
Embedded Temperature Detectors^,” data are given 
on a 12,000-kv-a. alternator, in which the average dif¬ 
ference between detector readings near the back of the 
core and in the core at nearly full load was only about 
three deg. cent. 

In employing the temperature figures for the iron, 
allowance may be made for the cooling of the outside 
of the coils in the vent ducts in radially ventilated 
machines. In this calculation, the following should be 
allowed for: 

1. The increase in temperature of the air above the 
ingoing air; 

2. The difference in temperature between the out¬ 
side coil surface and the air impinging upon it; 

2. See paper by F. D. Newbury and C. J. Feehheimer, 
Tr.^ns. a. I. E. E. 1920, Vol. I, p. 971. 
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fbf ■ mean of the iron temperature and 

the outside coil surface. 

to specifically may be approximately de- 

terniined by considering the losses absorbed by the 
the air encounters the coil; (remembering. 

PiihiV f when 1765 

cubic feet per minute absorb one kw) 

h-JrP by means'of an equation 

iiKe (^ 5 ; in this paper. 

tui Jequa7to“ 

™ofveBt^en.p. of ^e^of coil + width of iron phg. x av. 

Widtn Of vent + wiatn of package of ir'5n—^--- 

“PProidmatiorL is suffldcnf. The 
the vents tends 

™7?tLTTr “PP" t«">P«ature 

curve, but the high themal conductivity ot the Conner 

undoubtedlypracticallyoHiteratesthem 

Eddy Currents 

Jn most larp a-c. machines, and in some d-c ma¬ 
chines the eddy current loss due to the load currents 
may augment the PR loss materially. This loss is 
not the same for the two coil sides in a slot and s 

The formulas denved by Mr. R. E. Gilman^ are quS 
accurate but they necessarily involve the temnera 
ture coefflcient of resistance of copper In u*g7e 

calculate the eddy current factor, and for this a first 

SoyeT*'The''^d?® must be 

employed. The eddy current factor in the equations 

IS considered to be constant, and its values should hp 

calculated with the use of the averaglr^p^i™ of 

the copper m the slots or ends, as the case may be. 

It is of interest and value to note that the length 

aff?+ machine is not the only factor which 

Sects the difference between the maximum tempera 
computed by transverse flow only, and^ the 

A.LE®r"i9?o™ 
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maximum copper temperature which actually obtains. 

If the section of copper be large, (that is, so large as to 
secure a nominally low density) but the eddy current 
loss in the embedded portion be high, the large cross- 
section of copper permits of flow of heat at a fairly 
rapid rate to the ends; consequently, even for long core 
lengths, the longitudinal heat flow may be quite effec¬ 
tive in reducing the copper temperature at the middle 
of the machine. Thus, in a machine, which was built 
about ten years ago, the nominal density in the copper 
at full load is 1200 amperes per sq. in., and the calcu- 
ated eddy current loss plus P R is & little more than 
twice the P R loss. Even though the core length of 
that machine is 58 inches, the longitudinal heat flow 
lowers the temperature, as calculated by means of 
equations in this paper, 50 degrees below the tempera¬ 
ture calculated by means of the transverse equation (on 
the basis of no longitudinal heat flow). 

Thermal Conductivities 

The most unsatisfactory constant which is involved ’ 
in equations of heat flow in electrical machinery is that 
of the transverse thermal conductivity of the insulating 
material. Unlike the electrical conductivity of metals, 
we are never sure within a large percentage what value 
to choose. Thus ordinary fish paper has been found to 
vary in transverse conductivity from 0.0047 to 0.0064 
watts per sq. in. per in. per deg. cent. When built up in 
wrappers, with say the addition of mica, such as used 
on the straight parts of some coils, the combined 
conductivity is materially reduced, (due to the intro¬ 
duction of short paths of low conductivity from layer 
to layer), and the variation in conductivity is greater 
than that of paper or other material. For the ends, 
for which varnished cambric is used, with varnish 
between layers, which varnish reduces the influence of 
air pockets and contact resistance, the conductivity 

4. Some data on Thermal Conductivity of Insulating Mate¬ 
rial may be found in articles by T. S. Taylor in the Electric 
Journal for December 1919, and the Elec. World for Feb. 14,1920; 
also in paper by Symonds and WaiKer “Heat Paths m Elec. 
Mach.,” I. E. E., 1912. 


596 


CARL J. FECHHEIMEB 


[Feb. 18 


is higher, and the variation less than for the embedded 
portion. 

Owing to the fact that a slight amount of volatile 
matter is driven off at the higher temperature, the 
thermal conductivity may change with time, especially 
if the machine be operated at temperatures above 100 
deg. cent. The driving off of the volatile matter does not 
change the thermal conductivity of the individual 
layers of insulating material so much as it changes 
the structure of the insulation between layers, thereby 
changing the conductivity from layer to layer. Natu¬ 
rally, the variations are erratic. 

Therefore, it is quite possible that the temperatures of 
the copper of machines may change slightly after hav¬ 
ing been in service for some time, and this is also one 
reason why the internal temperatures on the same 
machine differ when made under identical conditions, 
but on different days. 

Furthermore, for most insulating materials, the 
conductivity changes with the temperature, increasing 
slightly with increasing temperature. When built up 
in wrappers, the value of the temperature coefficient 
of thermal conductivity is quite indefinite and on some 
tests, its value has been found to be zero. In the equa¬ 
tions, the thermal conductivity has been taken as a 
constant, partly because of uncertain value of the tem¬ 
perature coefficient but more especially because of a 
desire to avoid further complications in the equations. 

Owing to the great importance of the transverse 
thermal conductivity of insulating materials, laboratory 
tests of the value of thermal conductivities are of great 
value. Such tests should be made upon a large number 
of coil wrappers imitating as closely as possible the 
conditions that obtain in the machine, and the tem¬ 
peratures in such tests should be maintained at values 
approximating those in service, and be thus maintained 
until constant conditions are reached. 

The thermal conductivity of the copper (longitudi¬ 
nally) is so high compared with the longitudinal conduc¬ 
tivity of the insulation (of the order of 1000) that the 
neglect of any heat flow longitudinally through the 
insulation may well be Justified. The conductivity 
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of copper has been taken as 9 watts per sq. in. per in. 
per deg. cent, in the calculations to be found in this 
paper, and, as in the case of insulation, the tempera¬ 
ture coefficient of heat conductivity has been neglected. 
Various authorities give somewhat different figures 
for the conductivity of copper, and the value of 9 
chosen may be a little lower than that given by most 
of them. The Smithsonian tables, for example, give, 
about 9.6 whereas Ssnnonds and Walker used as low 
value as 7.6. 

Emissivity from End Windings 

Next to thermal conductivity of the insulation, the 
most unsatisfactory constant which is employed in the 
equations is that of emissivity from the end windings. 
Every electrical manufacturer has an enormous amount 
of data on temperatures taken by thermometer on 
the surfaces of the ends of the coils, but none of such 
data can be directly applied. The reasons therefor 
are: 

1 . Most of the temperatures were taken after 
shutdown, and some of the heat flowed out from the 
embedded portion of the coil, and thereby influenced 
the reading; 

2. The temperatures of the copper inside the coils 
at the particular spot where the thermometers were 
placed were not known; and if they were known the 
watts per unit surface would have to be calculated 
from the drop in temperature through the wall of 
insulation and from a supposed knowledge of the con¬ 
ductivity of the insulating wall; 

3. Most data do not give the spacing between coil 
ends; 

4. There were no records taken of the air velocities 
upon which the rates of heat dissipation are very 
largely dependent; 

5. There are no records of the angles of incidence 
of the air. 

It is believed to be best to make such emissivity tests 
on suitable models in a laboratory, using dummy 
coil ends. A description of one set of such tests is 
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given in a recent number of the A. S. M. E. Journal^ 
Those tests are far from complete, as they were made 
on one coil only; however, data from that set of 
curves should be helpful until more complete data are 
available. 

In the equations which are given in this paper, the 
watts per sq. in. per deg. cent, have been taken to be 
constant, although with variable spacing, with sup¬ 
ports for the coil ends at intervals, with variable air 
velocity, with different angles of incidence of the air, 
etc., that factor must be quite far from being constant; 
it is probable, however, that the value chosen (0.04)5 
is sufficiently close approximation to the average value 
which obtained in the machine. Nevertheless, some 
of the departures between test and calculations may be 
in part due to the inaccuracy of the value chosen, and 
to the variability of that factor. Fortunately, in 
many machines in which the air velocity is fairly high, 
or the wall of insulation is rather thick, the variation 
of the emissivity factor along the coil, and the incor¬ 
rect choice of its average value, do not have so much 
influence on the final results as might at first thought 
be supposed; because the drop through the insulating 
wall on the ends is usually of considerably greater 
influence than the drop from the external surface to 
the cooling air. 

The Points op Maximum and Minimum Temperature 

One of the terminal conditions for evaluating one 
of the integration constants for the embedded portion 
is that at the center of the core, or for X = 0, the 
temperature is at its maximum value. This assump¬ 
tion is usually in fairly close keeping with the conditions 
that actually obtain in the machine. However, with 
certain constructions it may be advisable to choose 
some other point for that of maximum temperature. 
For example, in most large axially ventilated turbo 
generators, there are fairly large radial vent ducts near 
the middle of the machine. The cooling air which 

5. “The Dissipation of Heat by Various Surfaces” by T. S. 
Taylor, abstract in A. S. M. E. Journal for April, 1920. The 
complete paper contains useful curves not appearing in the 
abstract. 
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passes over the coil surfaces near the middle of the 
machine reduces the temperature there, so that in 
such cases, it is considered advisable to take the end 
of the iron adjacent to the first vent duct as the point 
of maximum temperature; that method has been 
employed in the calculations to be found in this paper. 

The point of minimum temperature that has been 
chosen in the equations for evaluating one of the integ¬ 
ration constants in the end windings, is the extreme 
end of the winding. Such assumption is quite accurate 
provided that the temperature curves for the upper and 
lower coils are identical. As is usually the case, how¬ 
ever, the upper coil temperature in the embedded part is 
higher than that for the lower coil, owing to higher 
tooth temperature adjacent to the upper coil and the 
higher eddy current loss in the upper coil. If, then, 
the rate of cooling the ends of the upper and lower coils 
be the same, the point of minimum temperature is on 
the lower coil at a short distance from the coil-end. 
Thus, in Fig. 9, the test curve for the particular coil 
located in slot numbers 9 and 21 has been drawn in 
dot and dash, for the 300-ampere heat run; and it will 
be noted that the minimum temperature is about 
28,5 inches, instead of 32.5 inches, from the center of 
the core. 

If the difference in temperature between the upper 
and lower coils be considerable, it may be advisable to 
calculate the temperatures on the assumption that the 
point of minimum temperature is beyond the extremity; 
that is, that L&® for the upper coil is greater than Li 
for the lower coil. Otherwise, the calculated curves 
for the upper and lower coils will not meet at any point, 
a condition which, of course, must be fulfilled, in the 
machine. It is further of interest that the moving of 
the point of minimum temperature from the extremity 
of the winding to some point on the end of the lower 
coil, has the effect of reducing the maximum tempera¬ 
ture of the upper coil, and of raising the maximum 
temperature of the lower coil, although such changes 
are too small to be of consequence. In fact, if the 

6. Lh is the length of winding from the core to the extremity. 
See list of Symbols. 
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maximum temperature is the only one sought, it is 
believed that the error introduced by taking the mini¬ 
mum temperature at the end of the winding is quite 
negligible in machines of usual proportions. 

The Transverse Area 

The area per unit length through which the heat 
flows has been taken as the average area of the part 
of the perimeter from which the heat is dissipated, 
and the corresponding perimeter of the copper. For 
the embedded part with two coil-sides per slot, the 
two sides adjacent to the teeth plus one of the other 
sides are taken as the area (see Fig. 2). This assumes 
that there is no heat escapment from the two coil 
sides a,djacent to each other. Such assumption is 
not strictly correct, for as was shown in the paper on 
“Embedded Temperature Detectors,^’ the heat flow 
to the slot-sides has an appreciable influence upon the 
reading of the detector placed between coil-sides in 
the usual way. The magnitude of such heat flow is, 
however, very small, compared with the total trans¬ 
verse heat flow. Especially when consideration is 
given to the uncertainty of such important factor as 
the transverse thermal conductivity of the insulating 
m^erial, the assumption is well justified. 

For the end windings, in the special case for which 
the solution is given, the outside surface from which the 
heat is dissipated (for unit length) is taken as the 
external perimeter of one coil; and the average area 
through which heat flows is taken as the average of the 
external perimeter and the copper perimeter. In 
the particular problem adjacent coils were fairly well 
separated, so that the cooling air was effective in 
reaching all sides of the coil. However, such assump¬ 
tion may not be admissible in some machines (as 
many small induction motors) in which practically 
no air can pass between adjacent coil ends. The 
areas which should be chosen for the external sur¬ 
face Q' and that offered for transverse flow in 
the ends, must be decided after study by the design¬ 
ing engineer. 


7. Loe. eit. 
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The question has been raised as to the inaccuracy 
of the “average area” equation, instead of the more 
exact logarithmic expression. The derivations and 
comparisons are given in the appendix, and it is there 
shown that with typical high-voltage (say 13,200) di¬ 
mensions, the difference is less than 1 per cent. 
With low-voltage insulation, the difference is even 
less than for high-voltage. 

List of Symbols 

"" koN q ^ 


5 = - = constant used in equations for 



linear variation in iron temperature. 

= temperature of embedded 

Aa Ka — €aPra 

copper if all heat flowed transversely. 

Note: Use 6^. instead of di with linear or parabolic 
variations of iron temperatures. 

^ = y ^ _ temperature of copper in 

Ab y Kb — T a 

ends if all heat flowed transversely. 

Cl, Ci, Ci, etc. = integration constants. 

Da = thickness of single wall of insulation in em¬ 
bedded portion—taken as distance from 
bare copper to tooth. 

Db = thickness of single wall of insulation on ends 
of coil. 


/ 



= constant 


wheri 


assuming, iron 


temperature axially to be parabolic. 

n JT 

Q = , ” ■ = constant used witL linear 

b kaN q 

variation in iron temperature. 
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= conductivity constant for partici*' 


= conductivity constant for particu' 


= •' fr = constant used vdth parabolic iro** 
flccNq 

temperature axially, 

= current (amperes) per conductor. 

JcO • - 

= —= conductivity constant for partici* * 

Ua 

lar coil (embedded portion). 

= — conductivity constant for particu•" 

L't, 

lar coil (end winding portion). 

= thermal conductivity of insulation (embedde«i 
portion). 

= thermal conductivity of insulation (enti 
windings). 

= thermal conductivity of copper in watts pe*" 
unit area per unit length per deg. cent. 

= emissivity constant for heat dissipation froiiie 
end windings in 
watts per unit sur- 
face per deg. cent* 'l* 

= distance from point 
of max. temp, to 
end of core; this is 
usually 1/2 core length. 

= half end winding length, at one end only. 

= sum of and Li,. 

= number of conductors per coil. 

(N q = cross-section area of copper in one coil.) 

= average surface (in embedded portion) of one 
coil through which heat flows transversely, 
per unit length axially. 

= average surface (in end windings) of one coil 
through which heat flows transversely, per 
unit length axially. 

= outside surface of one coil in end winding per 
unit length longitudinally. 

= area of cross-section of one conductor. 

= resistence in ohms of copper in one coil per 
unit length axially at zero deg. cent. 


'C.L.I*—X—La 
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heat (expressed in watts) generated between 
zero point of reference and some other point 
(xory). 

heat (expressed in watts) flowing transversely 
through insulation from point 0 to x (or y ). 
heat (expressed in watts) flowing longitudinally 
along copper from point x {or y +dy) to point 
X dx {or y). 

distance from point of max. temp, (usually 
center of core) to point x. 

■■ distance from point of min. temp, (taken as 
extreme end) to point y. 

Greek Letters 

■■ temperature coefficient of copper = 0.00427 
at zero deg. cent. 

-y/Aitanh VAb Lb 
\/Aa tanh -s/A^ La 


current density in copper amperes per unit area. 

eddy current ratio for embedded portion 
= ratio of actual loss to nominal P R (See 
Gilman’s formulas and curves A. I. E. E., 
June, 1920) 

eddy current ratio for end winding portion. 

Ba 

Aa 

= temperature, deg. cent, of copper, at a point 
X in embedded portion. 

B, 

A„ 

temperature, deg. cent, of copper at a point 
y in end winding. 

temperature, deg. cent., of external surface, 
at a point y in end windings. 

: temperature of iron adjacent to coils at a 
point X axially, or the average iron tempera¬ 
ture when constant iron temperature is 
assumed. 
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6^ = temperature of copper at end of core. 

6m = temperature of iron, maximum, when para¬ 
bolic or linear variation of iron temperature 
is assumed. 

6max = maximum temperature of copper (embedded 
portion). 



Fig. 1 ■ 

dmin = minimum temperature of copper (end windings)' 
6o = temperature of air striking end windings. 

0 av ~ average temperature of winding. 

P = resistance of unit volume of copper at zero 
deg. cent. (= 0.625 X 10“® ohms per inch 
per sq. in.) 



Case I—Constant Ieon Tbmperatuee 
Steady State 

If the machine has run for a long enough period of 
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time to secure constant temperatures (steady state), 
power expressed in watts may be used instead of 
energy, expressed in joules or calories, for the heat 
generated, dissipated, etc. Calling W the heat gener¬ 
ated by P R and eddy currents in the copper, the 


total heat generated from a: = 0 to a: 




(See Fig. 1.) This heat must either flow transversely 
through the insulation, or longitudinally along the 
copper toward the coil ends. If Wi is the transverse 


flow, that heat flow from 0 to a: 


dW,. 


After 


deducting the transverse heat flow from the total 
generated heat, the remainder must be the longitudinal 
heat flow; or if IF 2 is the heat which flows longitudinally 
beyond x, 


J x 

.w-j 


The loss in thin lamina d x is: 

dW = €a P (1 + o: So) PN dx ■ (2) 

Considering the average heat path through the 
insulation to have area of Qa for unit length axially, 
the area for length “dx” is dx, and the traverse 
heat flow is (Fig. 2): 

^ _ feg (dg Bi) Qo dx 

Da 

If “d da” is the difference in temperature between 
the two sides of lamina “dx,” the heat flow from one 
side of the lamina to the other is: 

TF 2 = - h {N q) (4) 


The negative sign is used in (4), because 9a decreases 
as X increases. 

Substituting the values for W, W i, and Wj from 
(2), (3), and (4) in (1), and differentiating. 
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In most machines, the temperature is a maximum 
for X = 0, that is at the center of the core. That is, 

d 6 

one terminal condition is that , ■ “ = 0 for a; = 0. 

ax 


V -A-a Cl sinh V AaX + V -A-aCi cosh \/ AaX = 0 
Thus Ca = 0 for a: = 0. 

The other terminal condition is determined by 
making da = di-for x = La (see Fig. 1). Method for 
evaluating 0 l is given subsequently. 

01 . = CiCOSh V Aaia + 


Cl =- 


daO — 0^ 
cosh ^ Aa La 


Where 0ao has been written for 


daO — 0>- 


Then eoi‘^^•='( 1 ,) 

Putting a: = 0 for maximum temperatiu'e, 

. _ Q _ - i 'L. ( 12 ) 

0n.a. - 0aO - 

For very long cores, cosh a increases and 

becomes so large that the temperature at the middle 
of the core becomes: 


Omax ^ aO 


0 max — ^oO 




€a p P N 
Q 


ka Qa eg p P N 


Ka 0i "t" €aP I" 

~ Ka-egPra ^ ^ 

Equation (13) is quite important, as it is the ex¬ 
pression for transverse heat flow without considering 
the longitudinal flow, and takes into account the in- 
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fluence of the temperature coeflBcient a. If a is 
neglected, (13) becomes: 

i i e„ P r (14) 

This is a well-known form, Being the sum of the 
iron temperature and the transverse- thermal drop. 

In order that be evaluated, it is essential to con¬ 
sider the heat flow from the embedded portions of the 
coils to the ends, and then the flow along the copper, 
as well as the transverse flow in the ends and the heat 
dissipation from the coil-end surfaces must be brought 
into the equations. The equations for temperatures 



Fig. 4 

in the end windings must be combined with those 
applying to the embedded portion. The assumption 
was made in solving the heat flow problem for the 
embedded portions that the temperature of the out¬ 
side of the coil in contact with the iron was the same as 
the temperature of the iron, 6 i. The parallel as¬ 
sumption for the ends is scarcely admissible, inas¬ 
much as the temperatures of the outside surfaces of 
the coil-ends are somewhat higher than the sur¬ 
rounding air. 
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Calling k' the emissivity from the coil end surfaces 
in watts per unit surface per degree difference in 
temperature between the surfaces and the surrounding 
air, Q’ the surface per unit length of end connection, 
and dWi the watt dissipation to the air in length 
dy, the difference in temperature between the coil- 
end surface and surrounding air is; 


( 0 , - do) 


1 dW^ 

k' Q' dy 


And as previously. 


dWi = 


kb {db — ^e) Qbd y 



The heat generated in thin lamina d y, is, as before: 

dy (17) 

Taking y to be zero at the end of coil (Fig. 4), and 
to be positive to the left, it is clear that the heat 
(expressed in watts) that flows along the copper from 
the point y dy to the point y is: 

(18) 

In this case W 2 is positive because Qb decreases as 

y decreases. _ 

Evidently, the heat that flows into the copper 
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longitudinally at point y (from left to right), {W^), 
+ the heat generated in copper from o to y, (/ d wy 

must flow through the insulation to the outside surface 
of the coil where it is dissipated (by forced air convec¬ 
tion currents in the usual case)^. That is: 

J y =y n y = y 

dW- ] dW, ('») 

Substituting in ( 19 ) from ( 15 ), ( 17 ) and ( 18 ), 


k.-N q -4^ + 

dy ^ q 


(1 + a 6) dy 


yJciQi 

D, 


(db — 6o) dy 


o 

Differentiating and combining. 


dh _ __] 

dy^ KN 

1 

kcN q 


1 _ ( y^bQb eipPN 

Q I D, q - 

_ / jhQb . , e.oI^N \ 

\ + -^q - ) (20) 


Where 


1 

KNq 


ykjQt _ tipPN 


kcNq ^y^>>- ^bPra) ( 22 ) 


1 

KN q 


y^’>Qb n r ^bpPN 















1921] 


HEAT FLOW 


611 


Equation (21) is of same form as equation (9), so 
' that a general solution is; 

dh = Cscosh s/Aiy + C4 sinh y/AhV + (24) 

The terminal conditions for evaluating the constants 
of integration C3 and Ct, are that for y = 0, = 0 


(that is, the temperature is at minimum value for 
y = 0); and that Ot = 0Lfor y = Li. 

As for the embedded portion, the first condition 
gives C4 = 0i and the second: 

n — 61 . — dbo 

* cosh ^AbLb 


Therefore, 

(Ol — dbo) , y-7- 

0b = 01,0 + ^TbLb 


(25) 


Where 0bo has been written for 


Bb 

Ab 


The minimum temperature is for ?/ = 0; 

fl _ -I- - (26) 

0,nin-0i,o+ 

With very long-ends. Lb approaches infinity, so 
that 



yKb 0o + ebPr 
yKb- GbPr a 


(27) 


Equation (27) is similar to (13) and is the expression 
for temperature when the generated heat at any spot 
flows transversely through the insulation, uninfluenced 

by any longitudinal flow. , j 

The equation for temperature in the embedded 
portion may now be united with the equation for 
temperature in the ends. The curves for tempera¬ 
tures for the two portions join at point x = La, or 
y = Lb. (The continuation of those curves beyond 
that point are shown by the dotted curves in Fig. 3). 
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The heat flowing from the embedded portion to the 
ends at the point x Lai^- KN q 


d 6 a 
d X 


1 


(equation (4), and the heat received by the ends at 

y = Liis + hN q 1 (equation (18)). These 

dy J j, = 1.6 

two must be equal to each other. Substituting for 

from (25), performing the 
differentiation, equating and substituting L<. for x and 

Li for y, the value of dt is obtained after simplifying: 


d„ 


_l_ VAjtanh VAjLi 
VA*tanh V^aL^ 


TbO 


1 + 


'\/A5tanh \/ A.i Li 


(28) 


(28a) 


dr. = 

Writing 

/3 = 

and 

- —1 + 0 - (29) 

With the use of equation (29), da, 0g,a*, di and 
dmin ni3.y be evaluated by substituting for in (11), 
(12), (25) and (26) respectively; or 0 l may be elimi¬ 
nated between (29) and the other equations, and the 
following obtained: 


VAatanh VAaLa 

VAttanh \/AlLi 
VAatanh V^aLa 

6a0 + jS dio 


da 




/ gap ~ dbo \ 0 

VcoshVAoLa / (1+(8)^®®^ v^Aa x (30) 


8 6 — ^60 -j- 


(^aO ~ 6 ho) 

/3 

(31) 

cosh vATa La 

' (1 + |S) 

/ ^aO — dia 

\ cosh VATiy 

(32) 

\ 1 + p 

f cosh VMLi 


In^many machines, VAa may be taken equal to 
VAj, and L„ equal to then 0 = 1, and the 
arithmetical work is simplified somewhat. Then 

dh = 


and 
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Bn 


da 


BaO • 


, etc. 


2 cosh -y/Aa La 
The temperature measured by resistance is the 
average temperature, which may be calculated as: 

< La y =L b 

da 


La + Lh 


dadx + 6b dy^ 


Substituting for 6a and db from (30) and (32), 
integrating, and simplifying, calling La + Lb = Lt, 


6av .D ^ ^aoLa 6bo Lb 

, / 6ao — dbo \ I tanh \/AlLb 
\ 1 + /3 / \ y/Ab 

_ jgtanh y/AlLg \ “I 
■\/Ao ' 

For the slot portion, 

6av ™ 6ao 


r l BaO “- BbO \ 

( 13 > 

1 tanh VAa La 

l\ La ) 

1 1+ ; 

' J 


. (33a) 

If A a be taken equal to Ab, and La equal to Lb, 

= 1/2 (flaO + 0i>o) (33b) 

That is, under the assumptions; the average temper¬ 
ature is simply the arithmetical mean of the max¬ 
imum and minimum copper temperatures obtainable 
with very long coils. 

Equations Derived From the Preceding 
Before leaving the equations for constant core temp¬ 
erature, a number of other solutions will be treated. 
The first will be to show how some of the equations 
given in the foregoing reduce to some forms pre¬ 
viously derived. The second will be the derivation 
of an equation for calculating the temperature of the 
external surface of the coil-ends while the machine 
is in operation under steady conditions. The third 
will be the derivation of equations for calculating 
(a) the heat (in watts) fiqwing along the copper at 
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any point; (b) the heat flowing through the insulation 
between the center and any points; (c) the heat 
generated between the center and any point. 

If in equation (6), the temperature coefiflcient a 
be taken as zero, and assume that the wall of insula¬ 
tion offers so much resistance to the flow of heat that 
there is longitudinal flow only, that is, if Qa be taken 
equal to zero, the equation reduces to: 



For the first integral. 



d e 

d X 


Integrating again, 


Kc 


d = — x^ Ci X C^ 

When a: = 0, 0 = 0 max. Therefore 0, = dmax- 
When X = 0, ^ ^ ■ = 0. Therefore Ci = 0. 

d X 

Hence the equation becomes: 

6 = dmax--^ (35) 

If X = La, and d = di. 

dmax = (36) 

This is a well-known equation. 

If similar assumptions are made, except that a be 
not taken as zero, 

6ao = =- — (for Qa - 0), and 

JLa OL 


.-4 


tg pP a 
kc 


Cap a 

ka 


where j = \/ — 1 and A = 


J 

q 
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Substituting in equation (12), and remembering that 
<^osh j u = cos u, the expression for this special case 
t>ecomes: 



It is interesting to compare equation (37) with an 
equation in the paper by H. D. Symonds and Miles 
^Ai^alker: “The Heat Paths in Electrical Machinery” 
Institution of Elec. Eng. 1912. Using same values for 
Constants as they used, 1/a = 273, ea = 1,A = amp. 
p>er sq. cm., p = 1.6 X 10“®, kc = 3, and taking 6 in 
absolute deg. cent. (37) becomes: 



the same as in their paper. 

The temperature of the coil end surface may be 
calculated while the machine is in operation—to 
check the ordinary thermometer measurements, the 
location of the thermometer bulb {y) being known. 
Toy solving the equations preceding equation (15) for 

^ thus eliminating ^ 


K,,dt + k'Q’ do 
Ki + k'Q' 


(38) 


In using this equation it is necessary to first de¬ 
termine the internal temperature 9 b at the particular 
point on the end windings by means of equation (25) 
or (32). The formula is not applicable after shut¬ 
down, because then the internal temperatures no 
longer show the temperature gradients as given by 
the equations derived, but heat flows from high to 
low temperatures, thus equalizing, to some extent, the 
copper temperatures. The external surface tempera- 
-tures are influenced somewhat by this equalization. 
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and that is one reason why the thermometers on the 
coil ends frequently show an increase in temperature 
after shut-down. 

The heat flow along the copper is [equation (4)] 

d- 0 

from X = Otox — X given by W 2 = — KN q ^ ^ . 
Substituting for da from (30), and differentiating, 

/TTrx 7 AT /T-.Q (ggo - dm) sinh VAga: 

-koNq VA„ /3 (1 + VAaL. 

(39a) 

The transverse heat flow is [equation (3)]: 

(T^"l)a {da - ^i) dX = Ka [(^aO “ 6 i) X 

0 

(dgQ— dbo) _ sinh VAq X 1 

V Aa [1+13) cosh -y/AaLa -J 

The heat generated between x = 0 and x = x is 

(F). =/" a + c^e.)dx 


= elPr [(1 + aM^ 

a {dgo — 0i,o) / /3 

VAo \ 1 + ^ 


f ^ ) 


sinh VAg X \ “I 
cosh \/Aa La f ^ 


(Yotx = La, .. . becomestanh VAaLa) 

\ cosh VA. La > 

Similar equations may be derived for the ends as 
follows: _ 

(W'J.-fcNsVA.—coshVATl. 

(39b) 


(Ifi)i = So) y 


{6 ad — 9ho) sinhyAfti/ 

y/Ai (1 + /3) cosh -s/AtLh 
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(W)6 = €tPr + aeto)y 

a { dao — dbo) sinh VA& y ~j 
V-AbCl + /3) cosh \/Ab Li, -• 

(41b) 

It may also be of interest to determine the rate of 
generation at any point; this is given from equations 
(2) or (17), thus: 

= ea P r (1 + a. d„) watts per unit length. 
a X 

d W TO „ /I I ... fl 'l « « « “ 

- = €5 r (1 + a Ob) 

dy 

Similarly the rate of flow of heat transversely through 
the insulation is from (3) and (15): 

= Ka (6a - 6i) watts per unit length. 
dx 

= yKb(db-6o) “ “ “ 

dy 

Case IL Linear Variation of Iron Temperature 
Steady State 

In some machines, as for example in certain axially 
ventilated armatures, the core and tooth tempera¬ 
tures are at maximum value at the center, and de¬ 
crease in linear relation from the center to the end of 
the core, as indicated in the upper part of Fig. 5. 
The equation of the straight line may readily be 
written, if the values of the temperature are known 
at two points, say for a: = 0, and for z = La, thus: 

9,-9.(i-^) m 

Bra is the maximum tooth temperature, and 6 is a 
constant.*' The transverse heat flow is (see equation 
(3)): 

d TFi = (da - dd dx 

9. “6’* has been placed in the denominator to simplify 
numerical calculations. 
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= (^a- (43) 

The loss in thin lamina dx and the longitudinal 
flow are the same as before (see equations (2) and (4)). 
Also the fundamental equation co-ordinating dW,d Wi 
and W 2 is the same as previously (equation (1)). Sub¬ 
stituting for dW, dWi, and W 2 in equation (1); 

o /a 

i 1 



.-'Temp. Curve 
T^'-^oflron 

j-J--0" C 


1- 









Fig. 5 


Differentiating and combining, 

KQa 

dx^ \ D, 


ig p P N a 
Q 


) hN 


Nq 


dg 


_ kg Qa 1 

b Dg ~krNT 


- ^ pI^N IcgQ^ 


D 


dx ^ - A„ = G a: - 


r -kjrr («) 

( 45 ) 

isly, 

m appears instead 


^^ere and Bg have the same values as previously 
(^uations (7) and (8)), except that 6 . 
of 6 i, and 
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Equation (45) may be written: 

This linear differential equation may be solved by 
the well-known method of undetermined coefficients, 

and a general solution is: _ 

da = Ct cosh VAa X + Cg sinh VAa X 

As in the case for constant core temperature, one 

... d 0 ri £ _ 


terminal condition may be taken as 


= 0 for 


X = 0. Then: 

C, = -^ (48) 

Aa VA„ 

And the other terminal condition is 6a = 0Lforx = La‘- 
Ct = 

T G . , .Z -^ 


daO + + 


G_La- -^ 

Aa Aa \/Aa 

cosh VAa La 


sinh VAa La 


Where dao has been written for . 
tion may now be written as: 

»■ - + A.vry 


The solu- 


r„ r. . G I sinh-v/AaD„ 

_ \ 1 cosh VA;x ( 50 ) 

VJ cosh VA. La 

As in deriving equation (28), the slope of the curve 


for the embedded portion ^ • 


for X = La, is 
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equal to the slope for the ends ^ d-j for 

y == Lh, obtained by differentiating equation (25), 
(the condition for longitudinal flow from the embedded 
portion at the end of the core being equal to the heat 
received by the ends at the same point). Thus: 


cosh VAa La + ^ 


sinh ^yAa L 


6 a0 — di 


1 VAa La r \1 - - 

~ / J 


= (dh— dbo) \/Ae,tanh \/AiLi 
Bringing in /3 as given by equation (28a), the above 
equation may be written as: 


/9. =—!_/ f) . JL R fi ^ r T sinh VAaLa 

+ co^ VA^Lg- 1 1\ 

VAg tanh VA~a Lg 

The expression in brackets may be reduced to: 

Lg + ~ s inh^ -y/Aa Lg + cosh^ VAgLg— cosh -y/AlLa 
VAg sinh VAlLg 

— _ cosh VAg Lg — 1 

VATsinh V^Lg 


Then: 




cosWA„L„_-1 \T ,gj 

VAg sinh VAg Lg ' 

This value of 0 l could be substituted in equation 
(50), and 0g and ff^gg, found; or if substituted in 
equations (25) or (26), the temperatures of the ends 
may- be found. The resulting expressions are quite 
complicated, and they are consequently not given 
here. It is believed best, to solve (51) and then sub¬ 
stitute the numerical value found in the other equations 
If in equation (50), a: = 0, ^g = 
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Jmax V aO 


- [0.0- + -^( 

1 cosh •\/A 


/J cosh VAaL„ 

It will be noted that these equations reduce to 
those for constant core temperature if G = 0. 


Case III. Parabolic Variation op Iron 
Temperature. Steady State 

In most' machines, especially those with radial 
ventilation, the core and tooth temperatures may be 
approximately represented by a parabola, with its 
TTiaYiTmim value at the center of the core, as indicated 



Fig. 6 

in Fig. 6. The equation of this curve for temperature 
may be written, if the values of di are known at two 
points, say for a; = 0, and for x = La', thus, if “j” is a 
constant, 

( 53 ) 

The transverse heat flow is: 
dWi= {da - Bi) d X 

= -7- (54) 

Substituting this value of d Wi and those for d W 
and W 2 (as found in equations (2) and (4) in equation 

( 1 ), 
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• _ {1 +a g„) 

0 ^ 

Differentiating and combining, 

d - eaP r a) = ■ 

fkcNq ~ kcN q 

Or 

A2 fj 

■ ^ - Aae,.= Hx^- Ba 

* (56) 

Where A a and £<, are the same as previously (equa¬ 
tions (7) and (8) ), except that appears instead of 
6 i, and 


^ - 7CT7 

A general solution of this linear differential equa¬ 
tion is: 

6 a — C's cosh VAa X + Ciosinh -s/Aa x 

. H . 2H 


When a: = 0, -j— = 0, whence Cio = 0. 

Cu X 


For a: = La, 6a =0l> whence 

a 0 I ^ T 2 I 2£f 
6l. - 0aO + + ~A~T 

i _ -^o __ 

° cosh y/A^La 


6a = 6. 


H . 2 H 




If) 


cosh y/A„L, 
Forx = 0, 


.coshVAaa: (60) 
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^max ^ 


aO 


2H 


B. , , , 2H \ 

0 aO -( 0 i -+ +'^^2 ) 


cosh \/AaLa 


(61) 

Equating the heat flow in the embedded part to that 
received by the ends at x = La, and y = Lb, after 
simplifying, 


(lj 


2 

Aa 


0] 


(62) 


Ir 


'll 


-lii 


■33|‘- 


VAa tanh y/AaL 

Having found the numerical value of d-L, the other 
quantities, 6., d^ax, Ob and may be found by sub¬ 
stituting in equations (60) (61), (25) and (26) re¬ 
spectively. 

Calculations by Equation^ «.iw 

In order to check the equations derived, thermo¬ 
couples were placed in the armature (stator) coils of a 
2400-volt, three-phase, 60-cycle, 3600-rev. per min., 
turbo generator. The following are the proportions 
of the generator: 

Length of core 33H mohes. 

Number of slots 48. 

Size of slot 0.6 in X 3.15 in. 

Number of conductors per slot 
= 4 (N = 2). 

Size of conductor = three 0.144 in. by 0.325 in. 

Connection one circuit star. 

Throw of coils, slot 1 to slot 13. 

Approx, length of mean turn 
= 32.5 in. 

Currents in upper coils in which 
thermocouples were embedded were 
out of phase by 120 electrical degrees 
with currents in coils in bottom of slot. 

The ends of the coils were separated 
from one another between layers as 
well as circumferentially. The cool¬ 
ing surface was therefore taken as the perimeter 
of the coil (per inch longitudinally). 
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Thermocouples were also placed in the iron, about 
half-way down the tooth. The temperatures rises in 
the iron are shown in Fig. 7 for distribution of tempera¬ 
tures axially. 

It will be seen that the temperature distribution in 
the iron is nearly that of a parabola, if the origin for x 
be talcen as the end of the radial duct near the vertical 
center line, thus making 14 3^ inches. 

Embedded Portion 


Da — Insulation thickness 
0.188 in. 


0.6 in. - 0.325 in. 
2 


Gaged size of outside of coil = 0 549 in 
by 1.197 in. 

Outside surface of two sides plus width = 
1.197 in. X 2 + 0.549 in. = 2.943 in. 

Bare Copper surface =0.144 in. X 12 -f-0.325 
in = 2.05 in. 

Qa = Average of above = 2.5 sq. in. (one inch axially) 

e. = Eddy factor for upper coil = 1 . 092 . 1 “ 
e. = Eddy factor for lower coil = 1.065. 

To avoid figuring twice, with so small differ- 
erence m loss the eddy factor has been taken 
as 1.08 = ea. 

ka = thermal conductivity taken as 0.0025 watts 
per sq. m. per in. per deg. cent.n 
a - ength of embedded portion considered = 14.5 in. 


Gage size of ends = 0.57 in. by 1.28 in 

Q - external surface = 2 (0.57 in. -f-1.28 in ) - 3 7 
sq.m. C 

10. Figured by formula in naupr h-xr it 
C urrent Losses in Armature r “Eddy 

1920. Vol. I, p! Conductors.” Trans. A. I. E. E. 

-pp.- 

T S. T„1„P in 

0.00245 for 6600 volts Anv about 

proximate. The low valuetlrelr", T' ^ ^P- 

between layers of insulation. ^ contact resistance 



Internal surfaces = 0.144 in. X 12 + 0.325 in. X 2 
= 2.48 sq. in. 

Qi = average of 3.7 and 2.48 = 3.1 sq. in. 

0.57 in. — 0.325 in. 

Di = insulation thickness = --2 

= 0.122 in. 

ei = eddy current factor for ends = 1.03 
ki = thermal conductivity of ends taken as 0.0035 
watts, per inch per sq. in. per deg. cent.'* 



OF Ikon (Axially) 

k' = emissivity from coil-end surfaces taken as 0.045 
watts, per sq. in. per deg. cent.^® 

Lt = length from end of core to end of winding 
= 15.75 in. 


General Data 

jfc, = thermal conductivity of copper taken as 9 watts 

per sq. in. per in. per deg. cent. 

q = cross-section of conductor = 0.138 sq. in. 

12 From unpubUsked data on transverse thermal oon- 
duotivity of varnished oambrie and linen tape used ends. 

13 From unpubUshed data. See some data and deson^ 
tion of tests, by T. S. Taylor in A. S. M. E. Journal, April 19 0. 
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00 = air temperature around coil ends in test = 3C 

deg. cent. 

Average ingoing air temperature = 23.7 deg. cent. 



From Fig. 7, dm = 36.3 + 23.7 = 60° (x = 0). 

From Fig. 7, di = 20.5 + 23.7 = 44.2 for x = . 

= 14.5 in. 

Assuming parabolic distribution of tooth temper 
tures, from equation (53), 


x2 14.5^ 

di 44.2 

dm -^60 


800 


This value for / gives very close agreement betwei 
the iron temperature curve figured from equation (5 
and test. 

di = 60 ( 1 - ) 

Calculations for Constant Iron Temperature 
Figuring on basis of constant iron temperature, ±'. 
average iron temperature is: 
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Ba _ 0.0453 X 54.75 + 1.08 X .818 
A a “ 0.0453 -1.08 X 0.818 X 0.00427 


0.04152 


= 81 deg. (Eq. 13). 


0.04152 


= 0.01672; VAa =0.1292 


“ 9 X 2 X 0.138 - ’ “ 

(Eq. 7) 

= 0.1292 X 14.5 = 1.876 
Tanh 1.876 = 0.953 
Oosh 1.876 = 3.33 

AXaiiies of the hyperbolic functions may be read from 

Fig. 8. 


0 bo = 


0.652 X 0.089 X 30.7 + 1.03 X 0-818 
0.0652 X 0^089 - 1.03 X 0.818 X 0.00427 


At = 


0.0545 

9 X 2 X 0.138~ 


= 0.02192; \/At = 0.148 
(Eq. 22). 


■\/AbLt = 2.335 
Tanh 2.335 = 0.98 
Cosh 2.335 = 5.2 

0.148 X 0.98 ^ 28a). 

^ — 0.1292 X 0.953 ^ ^ 

f) — 81 + 48.3 X 1.178 ^ degrees (Eq. 29) 

^~ 1 + 1.178 

= 81 - ( 

= 81 - 5.29 cosh (0.1292 x) (Eq. 11). 
(9m= 81 - 5.29 = 75.71 degrees, or 52 degrees rise. 
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= 48.3 + 2.9 cosh (0.148 y) (Eq. 25). 
Qmin = 48.3 + 2.9 = 51.2 degrees or 27.5 degrees rise. 

The solid curves in Fig. 9, were figured from the 
above equations for 6 a and di, allowing for the in¬ 
going air temperature of 23.7 degrees. Using equa¬ 
tion (33), 

= - 3 ^ [ 81 X 14.5 + 48.3 X 15.75 



81 - 48.3 / 0.98 
1 -1- 1.178 V0.148 


1.178 X 0.953 
OI292 



= 62.9 deg., or 39.2 deg. rise. 

The 39.2 deg. average rise applied to 30.25 in. of 
coil length, which is 2.25 in. less than the quarter length 
of the mean turn, since the zero point of reference 
was taken at the end of iron adjacent to the radial 
vent duct near the vertical center line. If the tempera¬ 
ture for those 2.25 in. be taken to be the same as the 
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maximum (dmax calculated = 52 deg. rise), the average 
temperature should be, 

39.2 deg, X 30.25 in. + 52 deg. X 2.25 in. 

32.5 in. 

= 40.1 deg. rise. 

The temperature rise measured by resistance as 
soon as possible after shut down was 35.3 deg., the 
difference being due at least in part, to the cooling of 
the winding before the resistance could be nieasured. 

The average temperature in the embedded portion 
by equation (33a) is 48.3 deg. rise. Allowing for the 
2.25 in. at 52 deg. rise, this average rise becomes 
48.8 deg. rise. 


Calculations for Parabolic Variation in Iron 
Temperature 

The constants are the same as for constant core 
temperature. 

k, = 9, 9 = 0.138, N = 2,PR = 0.818, Da = 0.138, 
Qa = 2.5, €a = 1.08, fca = 0.0025, La = 14.5, 

Aa = 0.0453, Di, = 0.122, Qt = 3.1, = 1.03, - 

ki = 0.0035, U = 15.75, Kb = 0.089, Q’ = 3.7, 
k' = 0.045, 7 = 0.^, / = 800, 6^ do = 30.7. 
A„ = 0.01672, VA a = 0.1292, VA„ La = 1,876, 
tanh 1.876 = 0.953^ cosh 1.876 = 3.33, Ab = 0.02192, 
\/A 6 = 0.148, s/Abljb — 2.335, tanh 2.335 = 0.98, 
cosh 2.335 = 5.2. 


Then H 


60 X 0.0453 
800 X 9 X 2 X 0'.138 


0.00136 (Eq. 57) 


^ Da 0.0453 X 60 + 1.08 X 0.818 

~ Aa ~ 0.0453 - 1.08 X 0.818 X 0.00427 

' "" = 86.7 deg. (or 63 deg. rise). 

For end windings, dbo = 48.3, and ^ = 1,178 as 
previously. 




TEMPERATURE RISE DEGREES CENTIGRADE 



INCHES FROM CENTER OF CORE 

Pig. 9 


'©bo=^ 7“R'ise.. 

I [ 


4 28 


2 X 0.00136 1 cosh (0.1292 x) 
+ (0.01672)2 J 

= 77 - 0.0813 *2 + 0.81 cosh (0.1292 x) (Eq. 60). 
Fora: = 0, = 77.8 or 54.1 deg. rise '' 

= 48.3 + ^ ~~~ g 2^^ ^ (0.148 y) 

= 48.3 + 2.76 cosh (0.148 y) (Eq. 52) 
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For y = 0, dmin = 51.1 or 27.4 deg. rise. 

The points calculated from the above for da and 6 b 
will be found plotted in Fig. 9. As will be seen there 
is comparatively little difference between the curves 
for constant core temperature and for parabolic core 
temperature. In fact there is so little difference that 
it is questionable which is in closer agreement with 
the test points. In the calculations which follow, the 
constant core temperature figures are, in general, used. 

Numerical Calculations Using Supplementary Equations 
If equation (36) is employed, which assumes only 
longitudinal fiow without allowing for the tempera¬ 
ture coefficient, and if = 63.4 deg., (as computed 

for constant core temperature, and ifp = 


corresponding to 75 deg., 

, , 1.08 X 0.825 X 2175'^ X liJ* 

^max — v)0.4: -j ^ ^ 2 

= 112.4 deg. total, or 88.7 deg. rise. 

If equation (37) is used, which also assumes only 
longitudinal fiow, but allows for the temperature 
coefficient, 
dmaz “ 


0.00427 


+ 63.4 


cos ( 2175 X 14. 


1.08 X 0.625 X 0.00427 
10« X 9 


- —o7o54 ^ = 95.3 deg. rise. 

Had ka been taken as (2.54 X 3 = ) 7.6 as in paper 
by Symonds and Walker, the temperature rise by 
same formula would have been 121 degrees; by 
SjTOonds and Walker’s formula, the rise is 98.3 degrees. 
Or, naing kc = 9 in Symonds and Walker’s formula, 
the rise is 87.3 degrees. 
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A comparison of these results is given in the follow¬ 
ing table: 


TABLE I. 


Maxunum temperature rises by various means: 


Longitudinal flow only j 

Transverse 
flow only 

Combined flow 

Teat 

Equa. 
No. 36 

Equa* 
No. 37 

Symond & ^ 

Walker formula 

Const. 

Core 

Temp. 

Para¬ 

bolic 

Core 

Temp. 

Const. 

Core 

Temp. 

Par. 

Core 

Temp. 


kc ^7.6 

kc^9 

88.7 

95.3 

98.3 

87.3 

57.3 

63 

52 

54.1 

50.5 
to 53,2 


It should be noted that neglect of the transverse 
heat flow may lead to very considerable errors; even 
in a machine of medium core length the error intro¬ 
duced by considering only the longitudinal flow is 
very great, and in longer machines the error is even 
greater. Also, if the iron temperature be taken at 
its maximum value and the longitudinal flow be 
neglected, the calculated rise is 63 degrees; or there 
was an error, even in this machine of moderate length 
of core of about 11 degrees, or 21 per cent. If the 
longitudinal flow be neglected, and the average iron 
temperature be considered, the error in this particular 
machine or perhaps in longer machines is not very 
great. But it would be dangerous to draw any general 
conclusions, for as is pointed out in another part of 
this paper, under the subject of Eddy Currents, even 
in certain rather long machines, and certainly in short 
machines, the longitudinal flow has very material 
influence upon the maximum temperature. On the 
other hand, the close agreement of the mainTnnTn 
temperatures calculated either by means of the equa¬ 
tion for constant core temperature or by the equation 
for parabolic core temperature with the test results 
shows the possibilities of estimating the maximum 
temperature by means of the equations derived in 
this paper. 

The calculated temperature of the external surface 
of the end windings is given by equation (38), while 
the machine is in operation. Substituting in that 
equation. 
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O 4 O 89 0 i 0.045 X 3.T X 30.7 
0.089 + 0.045 X 3.7 


0.349 di 


+ 20.2 deg. 

(The ingoing air temperature (23.7) deg.) must be 
deducted to secure rise). 

Taking 6 b as the average of the two calculated curves 
in Fig. 9, (there are very slight differences), a compari¬ 
son of calculated and test is given in Table II. 


TABLE II 


Distance along 
Copper from 
Center of Core 

eh 

(Rise) 

Calc. 

Oc 

(Rise) 

Test 

te 

(Rise) 

22.25 

31.2 

15.7 

11.25 

23.25 

30.6 

15.2 

10.25 

2^ 

30 

16.0 

8.25 


The test figure of 11.25 deg. is the average of three 
readings: 7.25, 9.75, and 16.75 deg. The lower 
temperatures by thermometer are probably largely 
due to the influence of the air striking the pad over 
the bulb of the thermometer, thereby lowering its 
reading. All engineers agree upon the inaccuracy of 
this method of judging temperatures. 

The losses and the quantities of heat dissipated will 
now be accounted for. From equations 39a, 40a and 

41a calling X = and using figures for constant 
iron temperature. 

9 X 2 X 0.138; X 0.1292 X 1.178 (81-48.3) X 0.953 
1 + 1.178 

= 5.4 watts. 

(IFi)a = 0.0453 [ (81 - 54.75) 14.5 


(81 - 48.3) 1.178 
0.1292 (1 + 1.178) 


X 0.953 


] 


11.32 watts. 


(W)a = 1.08 X 0.818 (1 + 0.00427 X 81) 14.5 
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0.00427 (81 - 48.3) 
0.1292 


X 


1.178 
1 + 1.178 


X 0.953 


J 


= 16.72 watts. 

Thus, in the embedded portion, the total watts 
generated (16.72) equal the watts dissipated by 
transverse flow (11.32) plus the watts flowing to the 
ends at X = La (5-4). See eq. (1)). 

Similarly, by substituting in equations (38b,) (40b) 
and (41b). 

( 11 ^ 2)6 = 5.4 watts. 

(Wi )4 = 21.8 watts. 

(1F)» =16.4 watts. 

Thus, the total watts dissipated from the end (21.8 
watts) = the watts generated in the ends (16.4 watts) 
plus the watts received from the embedded portion 
(5.4 watts). (See eq. (19)). Note also the agree¬ 
ment between (Ws)* and {W 2 ) 

Another interesting check is that based on the total 
wattage. It was previously found that the average 
temperature for the 30.25 in. considered was 62.9 
deg., so that the average watts per inch 
= (1 -f 0.00427 X 62.9) 0.818 = 1.039 exclusive of 
eddy loss. The average eddy factor is. 


1.08 X 14.5 in. -b 1.03 X 15.75 in. 
30.25 in. 


1.054. 


Thus, the total loss for the 30.25 in. 

= 1.039 X 1.054 X 30.25 = 33.16 watts. 

From the previous calculations, the loss 

= 16.72 + 16.4 = 33.12 watts. 

The rate of generation of heat in the embedded 
portion is, 

4^ = 1.08 X 0.818 (1 + 0.00427 6 ,) 
dx 

For 6 a. = 75.7 degrees (that is for X — 0); 

= 1.17 watts per inch. 
dx 
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For = 63.4 degrees (X = L^), 

4 ^ = 1-12 watts per inch. 
ax 


In the ends, — =1.07 watts per inch for y = Lb* 
dy 


In the ends, = 1.03 watts per inch for y = 0. 

The average rate of generation of heat in the em¬ 
bedded portion is 

- M6 watts per inch. 

14.6 m. 



INCHES FROM CENTER OF CORE 


Fig. 10 


The average for the ends is 
Ifi 4. 

^ = 1.04 watts per inch. 

15.75 

In accordance with the method of calculating eddy 
current loss, there is an abrupt change at the end of 
the core, and therefore the rate of generation of loss 
changes abruptly there also; that is, from 1.12 to 1.07 
watts per inch. This abrupt change is more notice¬ 
able in machines with high-eddy current loss in the 
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copper. The figures for watts per inch given above 
are the maxima and minima for the embedded and 
end portions. 

The transverse rate of flow of heat in the embedded 
portion is. 


d Wi 
d X 


0 ,) 


= 0.95 watts per inch for Z = 0 
= 0.392 watts per inch for X = La (end of core). 


mi, 11 • 32 watts A rm .Li -1 

The average = — 51 -?-=- = 0.78 watts per inch. 

14.5 in. 


For the ends, 

(^) 

= 1.89 watts per in. for y = Lt (end of 
core). 

= 1.19 watts per in. for = 0 (end of 
winding). 


The average 


_ 21.8 

“ 15.75 


1.384 watts per inch. 


Thus, the maximum rate of transverse flow (and 
therefore of heat dissipation) is, in this particular 
case, about twice as great from the ends as from the 
embedded portion, and there is a very great change 
when passing from the embedded to the end winding 
portion. 

The longitudinal flow is maximum at the end of the 
core (5.4 watts) and is zero for X = 0, and for 7 = 0. 
Its relative values at any points can be determined from 

the slope of the curve for temperature in Fig. 9, or 
may be obtained by substituting in equations (39a) 
and (39b). 

Comments on Tests and Calculations 
In addition to the tests made with 300-ampere 
load, and plotted in Fig. 9, tests were also made at 
no-load, open circuit at 2600 volts (Fig. 9), and with 
383 amperes, 2400 volts, nearly zero power-factor, 
plotted in Fig. 10. The same constants, such as ther- 
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appear that the average temperatures as determined 
by resistance are not reliable. 

The figures in Table IV show that the average 
temperature rise determined by resistance is certainly 
no means of judging the average temperature of the 
embedded part of the winding. * Thus, in the 300- 
ampere run, if 1.1 deg. are deducted from the cal¬ 
culated rise (48.9 — 1.1) to allow for the difference 
between the calculations and test, then the difference 
between the average embedded copper temperature 
rise and the measured average temperature rise of the 
entire winding is (47.8 — 35.3 = )12.5 deg. At the 
higher load the difference is approximately [(70.4 — 
4.2) — 44 =] 22.2 deg. or about 50 per cent of the 
measured temperature rise. Certainly the resistance 
measurement affords no means of judging the maximum 
temperature, and an inspection of Table IV is sufficient 
proof of that statement without further comment. 

The Influence of the Core Length 

It is felt that a paper on longitudinal and trans¬ 
verse heat flow would not be complete without illus¬ 
trating the influence of core length upon temperatures, 
thereby helping to clarify the physical picture. It is 
believed that further assistance is obtained by showing 
the influence of the core length upon the watts gener¬ 
ated, the watts transmitted transversely, and the 
watts transmitted longitudinally. It must be borne 
in mind that one set of curves of this character are 
not of general application, but to obviate this, sets of 
curves for various proportions of slots, copper section, 
insulation thickness, current density, etc., could be 
worked out, if believed to be sufficiently useful. 

The particular proportions adopted were those of 
the turbo generator, for which the tests and calculations 
are given in this paper. The particular load selected 
was the one for 300 amperes 2400 volts. The condi¬ 
tions for constant average iron temperature of same 
value as in other calculations were assumed. Inas¬ 
much as, in la 3 ring out a line of machines, it is usual 
to have some relation between pole pitch and core 
length, and since the length of the coil end is proper- 
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tional to the pole pitch, the ratio of length 
to embedded portion was taken to be const? 
assumption is not generally justifiable; as fo 
with changing length, (and proportionate 
the cooling of the end windings must al 
(their cooling rate was taken to be const; 
increasing diameters the peripheral speed in 
chine would eventually become prohibitiv- 
commercial practise the length of core is 
changed without changing the diameter. 

In Fig. 12 will be found “Curves Illust: 
Influence of Core Length upon Temperati 
The particular machine described in this p? 



of Copper at Ends of Winding 
Asymijtote^CQbo), ^ 24.6°- 


‘,40 60 80 100 

GORE LENGTH-JNCHES 

Fig. 12—Curves Illustrating Influence op Co 
Upon Temperature Rise 
B ased on constant ratio of length of ends to embedded pa: 


nominal core length of (2 X 14J^ =) 29 in. ; 
in these curves. For these proportions, thei 
tically no change in temperature if the cc 
is increased beyond 50 in. 

In Fig. 13 are plotted curves illustrating 
in one half of the embedded portion of one 
the heat paths for same. Thus, for very s 
lengths, most of the heat flows longitudina 
dissipated from the ends; for about 7-in. 
core about twice as much heat flows longi 
as flows transversely; for 16-in. length 1 
quantities flow along the two paths; and bey 
the longitudinal heat flow increases but little 
the transverse flow increases indefinitely. ' 
watts must always be the sum of the trans' 
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longitudinal flows, at any given length of core, and 
would be directly proportional to the core length, 
but for the influence of temperature increasing the 
rate of loss generation. 

In Fig. 14 the average rates of heat generation and 
the heat flows per inch of core length are plotted as 
functions of the core length. These curves of longi¬ 
tudinal and transverse flows illustrate the '"usefulness'" 
of the two for dissipating the generated heat; thus, 
as is well-known, the influence of the longitudinal 



Fig. 13 —Curves Illustrating the Losses in One-Half 
OF THE Embedded Portion op One Coil, and the Heat 
Paths for Same 

Based on constant ratio of length of ends to: embedded part. 

flow is of maximum benefit for zero core length, and 
rapidly diminishes until for infinite length it becomes 
zero. The transverse flow is of minimum benefit for 
zero core length and approaches the same asymptote 
as the total generated watts approach; that is for in¬ 
finite length all of the watts flow transversely. 
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APPENDIX 

Area for Transverse Flow 
L et Fig. 15 represent the section of a coil, the 



Fia. 14 —Curves Illustrating the Losses in One Armature 
Coil and the Heat Paths per Inch op Core Length 
B ased on constant ratio of length of ends to embedded part. 

single insulating wall being . If w is the 

wattage flowing transversely, k the thermal conductivity 



Fig. 15 


rf 0 the temperature drop through small thickness dx 
and the area of flow is 2 [(o + 2 x) + (c + 2 a:)] ,then; 
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W = -k2ia + c + 4x)-4^ 

a X 

The negative sign appears because 6 decreases with 
increasing a:. Then: 

* 02 b 

de = -^ r~ _ ii. _ 

«-«i ^^*-0 tt + c + 4a: 

% (b -a) 

(01 — 83 ) = log, (a+c + 4a:l 

0 

- 0.288 ^log.. 

Now, figuring on average area basis, 

2 


Or, 



Q> - a) 

(b + c) 


Suppose the coil be intended for high voltage, and 
a = 0.5 in., 5 = 1 in., c = 2 in. By the more exact 


logarithmic expression, (d^ — 82 ) = 0.0419 ■ 

k 

By the second, average area formula, { 0 i — 82 ) = 0.0416 
W 

The difference is less than one per cent, thus 


justifjring the use of the approximate equation. With 
thinner insulation, the error is less than with thick 
insulation. 
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Discussion on “Longitudinal and Transverse 
Heat Flow in Slot-Wound Armature Coils” 
(Fechheimer), New York, N. Y., February 
18,1921. 

M. A. Savage: The author deals exclusively with 
the axially ventilated machines. The data and formulas, 
therefore, are less valuable to the _ large number of 
designers of radially ventilated machines. 

In the axial ts^pe of ventilation where the core is. 
cooled by means of axial ducts running back of the 
teeth it is readily seen that the temperature of the 
air, and hence the core, will vary with the distance 
from the ends of the core. With this type of ventila¬ 
tion we might expect to see a gradual rise in core tem¬ 
perature as we progress toward the center of the core. 
This is without the influence of the longitudinal 
transfer of heat which the author discusses. 

In the radial t 3 T)e of ventilation this condition does 
not hold due to the fact that the factors which eprt 
the greatest influence in_ the temperature of the iron 
can be made to vary with the distance from the end 
of the core, the greatest radiating surface being the 
sides of the teeth, and stator coil in air ducts. In 
nearly all machines of this t 3 T)e it has been found 
that the velocity of air through the ducts near the 
center is much greater than through the ducts near 
the ends, and since the teniperature drop from the 
surface is proportional to this velocity of air, it will 
readily be seen that a condition of design may be 
reached where the core is actually cooler at the center 
than near the ends. In other words, by increasing the 
nurnber of air ducts, to compensate for the rise in air 
temperatures, the temperature of the core can be kept 
practically constant throughout its length. 

In a 60-eycle machine having a core length of approxi¬ 
mately 40 in. the theoretical temperature rise was found 
to be about 60 deg. By changing the air duct spacing 
so as to pass a greater amount of air through the center 
of the machine this temperature rise was reduced to 
approximately 50 deg. cent. 

The author is to be complimented on the rather 
pretty mathematical solution of a difficult problem. 
The number of variables encountered in a problem of 
this sort are so great as to deter the average designer 
from putting them in mathematical form. There is 
the matter of core length to tbe overall length of the 
coils; the type and manner of blocking the ends; the 
percentage of coils actually exposed to the air at the 
ends; the loss in the heads of the machines due to cross 
fluxes, etc.; and finally to the velocity and temperature 
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ejqjosed surfaces. All of these 
airectly affect the longitudinal transfer of heat, and 
make it ^uite difScult to predict from one type of 
machine, to another just what value should be given 
0 the transfer of heat to the ends. In the core proper 
there is the variable of iron temperature both in the 
axial and radial type of ventilation and as has been 
pointed out in _the_ case of the latter this variable is 
for certain limits m the hands of the designer. It 
would, therefore, seem that while there are certain 
mathematical laws which may be laid down, still there 
remains a vast amount of experimental ‘ data which 
must be collected _ on ^ch type of machine before 
the constants used in this formula will make them use¬ 
ful to the average designer. The problem, therefore, 
remains as it always has been largely a matter of ex¬ 
perience or familiarity with the type of machine 
involved. 


It IS Ratifying, however, that a step has been made 
toward the analysis of copper temperatures. The in- 
centive to^ collect data for the purpose of supplying 
mathematical solutions will undoubtedly lead to the 
collection of a large amount of it which will enable the 
. to. predict more closely the temperatures 
wmch exist^in the various t 3 rpes of machines. 

R. B. Williamson; Calculations regarding heating 
whole, about as unsatisfactory as any that 
the designer has to deal with; and any paper, such as 
the present one, that puts such calculations on a more 
rational basis than they have been, is of very great 
value. 


The great increase in the size of a-c. generators that 
has taken place within the past five or six years has 
necessitated^ the construction of machines for both 
steam turbine and hydraulic turbine drive, having 
stator cores very much wider than was formerly con¬ 
sidered feasible or desirable. With the safe limits of 
peripheral^ speed in many cases already reached with 
the materials at present available, the only way of in¬ 
creasing the output is to increase the axial length of 
the machine. This in turn has forced a careful con¬ 
sideration of the methods of ventilation and also of 
the probable hot spot temperatures and temperature 
distribution in the various parts of the winding. 

In the present paper the author has developed a 
method of estimating the temperature rise of copper 
inside the coil above the surrounding iron or air as 
the case may be, for any point between the center of 
the machine and the end of the coil projections. While 
formulas have previously been developed for estimating 
the hot spot temperature at the center of a machine, 
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none, so far as we know, have been published by means 
of which the temperautre at various points along the 
coil could be estimated. As pointed out by the author 
it is difficult with our present knowledge to evaluate 
some of the constants entering into the formulas and 
before full use can be made of the latter, it will be 
necessary to accumulate data of a suitable kind obtained 
from tests on a large number of machines. For ex¬ 
ample, assuming that the difference in temperature 
between copper and iron or between copper and out¬ 
side surface, of coil can be calculated for any point, 
there still remains the problern of estimating the tem¬ 
perature of the . surrounding iron or air with which 
the portion of the coil in question is in contact, in 
order to determine the actual operating tempera¬ 
ture which the designer is priinarily interested in. 
Tests on a large number of machines of various types 
and sizes will have to be made, using temperature 
detectors at numerous points in order to accumulate 
data of the kind shown by Mr. Fechheimer in the case 
cited in the latter part of the paper. The fact that such 
data must be accumulated before full advantage can 
be taken of the formulas does not in any way detract 
from their value. It simply means that the enormous 
amount of test data on heating obtained in the past 
by the usual thermometer readings is not complete 
enough for general use in determining ultimate tem¬ 
peratures in the manner developed in the present paper. 
However, the amount of sUch data, as determined by 
temperature detectors is rapidly increasing and the 
methods and formulas proposed will become increas¬ 
ingly useful in the future. Aside from numerical cal¬ 
culations, the formulas in themselves are of special 
value in that they show clearly the various quantities 
that determine the temperature difference at any given 
point of the winding, and even if they may not be im¬ 
mediately available for estimating ultimate tempera¬ 
tures on account of lack of information regarding iron 
or air temperatures, they indicate to the designer the 
relative importance of the various factors entering 
into the problem and the way in which the final result 
is affected. 

The calculation of temperatures in generators is 
always a difficult one for the designer, largely because 
of the great effect of variations in ventilation. Even 
with the same system of ventilation used on machines 
of various speeds and ratings, the results may be quite 
different from those expected. The subdivision of the 
stator core and the relative arrangement of air ducts 
and sections of core iron have a decided influence on 
the core temperatxire and its value at different points 
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throughout the length of the stator. All of these 
things introduce complications into the problem and 
have an effect on the internal coil temperatures. The 
author of the present paper recognizes these difficulties 
but we believe the methods given cannot help but be 
of great value to those who have to deal with these 
problems. 

B. A. Behrend: I should like to illustrate the con¬ 
ditions existing in the interior of an armature coil 
covered heavily with insulation in the following manner: 
Imagine a man in a diver’s suit of very heavy material 
the thermal conductivity of which is low. The blood 
temperature of this man may be, say, 98 deg. fahr., 
and this blood temperature may be tolerably uniformly 
distributed over the entire individual. 

The temperature on the surface of this man, however, 
may be quite different if the thermometer is placed 
in contact with his feet, or with his head, or with any 
other portion of his body. 

Outside the diving suit the case is very differ¬ 
ent. If a stream of cold air is directed against the 
feet, the temperature measured on the outside where 
the jet of air strikes the feet may be very low. This 
temperature would be no indication of the temperature 
on the inside of the diving suit on the surface of the 
man who is inside it. This simile will make a little 
clearer the curious conditions, which exist inside the 
armature coils of an electric generator. 

_Mr. Fechheimer’s paper is valuable for two reasons: 
First, it is agreeable to note that this subject is dis¬ 
cussed at last with perfect frankness and intellectual 
integrity. There is no longer any playing at hide- 
and-seek on the subject of concealed internal tempera¬ 
tures. Secondly, it,is valuable because Mr. Fechheimer 
applies Fourier’s theory of conductivity of heat to an 
intricate and interesting engineering problem. The 
fact is brought out in this paper that the distribution 
of temperature on the inside of the coil, measured by 
thermocouple in contact with the copper, is not at all 
uniform. It is shown that this temperature, which 
is lowest at the outside ends of the end connection, 
increases as one approaches the center of the machine. 
Then, Mr. Fechheimer analyzes the reasons for such 
distribution of temperature and he trace’s the tempera¬ 
ture grades by making certain assumptions for the 
temperature distribution of the iron core surrounding 
the armature coils. He makes three assumptions for 
the distribution of temperature in the core: A. A 
uniform distribution of temperature; B. A distribu¬ 
tion of temperature according to a straight line; C. 
A distribution of temperature according to a para- 
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bolic curve. Very simple results are obtained with the 
assumption A, and the results of calculations based on 
this assumption seem to tally well with the data. In 
cores of greater length, we are assured the degree of 
error is apt to be greater and, therefore, it has become 
necessary to consider also cases B and C. This has 
made the investigation appear a little more complex, 
but it may be well to keep in mind that the fundamental 
reasoning process by means of which Mr. Fechheimer 
has arrived at his interesting results is the same in 
all three cases. 

Carl Hering: Some years ago I made some ana¬ 
lytical and experimental researches concerning the 
flow of heat, which involved somewhat similar con¬ 
ditions, though they have no bearing on armatures. 
They referred to the proper proportioning of the elec¬ 
trodes of electric furnaces so as to make the total heat 
losses through and in them, a minimum. As in the 
two halves of an armature the heat flow is from the 
inner ends to the outer ends, and PR heat is also being 
generated in them. The results have been published^ 
and I will repeat here merely that the total energy loss 
in them was least when they were so porportioned 
that the PR heat set free in them by the current, 
was equal to twice the heat flow through them if there 
were no current in them. This means that the current 
heats the electrode to such an extent that its inner 
end is raised to the temperature of the furnace, in 
which case no heat from the interior of the furnace 
will flow out through the electrodes, hence even less 
than flows out through an equal surface of the walls. 
The total loss of energy then is the PR loss. 

The present paper deals with a flow of heat which 
is generated electrically. Heat being generally meas¬ 
ured in calories, a flow of heat is measured in calories 
per second which is the same kind of a physical quan¬ 
tity as watts, namely power or rate of energy. In 
this class of calculations, dealing with electric heat, I 
showed some years ago^ that it is often very convenient 
to use thermal resistances, and that by far the most 
convenient unit to use is that thermal resistance through 
which one watt will flow (as heat) when the difference 
of temperature at the two ends is one degree centigrade. 
The name proposed for this unit was the thermal 
ohm; calculations concerning heat flow are then like 
those with Ohm^s law, there being no conversion factor 
necessary. When such.simple units exist it is often a 

1. The Proportioning of Electrodes for Furnaces, Thans. 
A. I. E. E., Vol. XXIX, 1910, Part I, p. 485. 

2. Met. and Chem. Eng., January 1911, Vol. 9, p. 13. 
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great convenience to use them, even if one has to first 
define them, which in this case takes but a few words. 

The paper refers to the flow of heat between different 
metals, like copper and iron. I do not think it is 
generally known that the flow is far less fro n iron to 
copper than from copper to iron. There appears to be 
something analogous to a counter e.m.f. at the junction 
which opposes the flow when it is from iron to copper, 
and ''boosts'" it when from copper to iron. It seems 
to depend on the specific heats of the two metals and 
has apparently no direct connection with the Peltier 
effect as no electric current is flowing, but when it is, 
the thermoelectric e.m.f. is greatly affected when 
heat flows across such a junction, hence in using a 
thermocouple it is important not to have any heat flow 
across the junction. 

G. E. Luke: The predetermination of temperatures 
in electric machines has been and probably always will 
be a difficult problem to the designer due to the vast 
number of factors involved. A rigid mathematical 
solution of the problem as a whole is more or less hope¬ 
less, however, certain parts of the problem can be 
analyzed and a practical solution obtained. 

This paper by Mr. C. J. Fechheimer is the result 
of analyzing the heat flow from the copper based upon 
the fundamental physical constants. Naturally the 
accuracy of the solution depends upon the correct 
values of these constants. Nevertheless even if the 
constants can only be approximated an analysis of 
this part of the heat flow is well worth while, since it 
gives the designer a better idea of how the heat is 
carried away and how the hot spot can be reduced. 

It is a well known fact that the ventilation of the 
armature end windings in electric motors and genera¬ 
tors of short core lengths plays an important part in 
the cooling of the machine. For instance, the writer 
has seen examples of induction motors in which the 
stator iron temperatures were substantially reduced by 
improving the ventilation of the end windings. 

Again tests on a small shunt d-c. motor with the 
open-type form wound armature coils gave a rating 
almost twice that which could be obtained with the 
hand wound "mush" winding for the same temperature 
rise. 

For the purpose of showing the magnitude of this 
heat flow along the winding, calculations are given, 
see Fig. 1, on a typical induction motor rated 
500 h. p., at 2200 volts, 8 poles, 60 cycles. 

This sketch gives the results of the calculations. 
As shown the calculated average copper temperature 
was 48 deg. cent., while the test value by resistance was 
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51 deg. cent. There was a total of 13.2 deg. cent, 
difference in temperature between the embedded 
copper in the center of the core and the copper at the 

winding. This gradient was 
sufficient to transfer 1695 watts or 64 per cent of the 
total embedded copper loss from the copper in the core 
to the end windings. The dotted lines give the copper 
temperatures on the basis of no longitudinal heat 
flow. 

The above is a good example of what takes place 



Fig. 1 


n machines with well ventilated end windings and 
short core lengths. On the other hand the conditions 
are exactly the reverse in a large number of railway 
motors where the conditions of operation make it 
necessary to carefully enclose the end winding in order 
to protect them from the possibility of water gettiniSf 
into the insulation. 


The calculations, Fig. 2 were made on a d-c. railway 
motor mth a one hour rating of 50 h. p. at 600 volts. 
1 he calculations were based upon the continuous 
ratog with the iron temperatures taken from test. 

xhe calculated average armature copper tempera¬ 
ture was 106 deg. cent., the actual test value by resist- 
ance was 100 deg. cent. The copper in the center of 
the core had a temperature of 103.9 deg. cent., while 
the copper at the extremity of the end winding had a 
temperature of 110.7. It should be noted that in 
this cas6 tho hoat flow was from the ond windings to 
the core. The method of calculation developed by 
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C. J. Fechheimer is perfectly general in this re¬ 
spect and gives the proper direction of heat flow de¬ 
pending only upon the conditions. Thus,' in this 
case the longitudinal heat flow came out negative, 
that is the heat flow was from the end windings to 
the core. 

In the above example 109 watts or 21.6 per cent of 
the total copper loss in the end winding was conducted 
from the end winding to the embedded copper and then 
conducted to the core. The dotted lines give the 
copper temperature based upon no longitudinal heat 
flow under this condition the maximum temperature 
(in the end windings) would have been 135.4 deg. cent, 
instead of 110.7 deg. cent. 



Fig. 2 

C. J. Fechheimer: Mr. Savage has evidently 
misunderstood much of the treatment of the subject 
as given in the paper. In no place do I state or imply 
that the equations are applicable only to axially 
ventilated machines; the formulas are applicable to 
any type. Mr. Savage states that “by increasing the 
number of air ducts—the temperature of the core can 
be kept practically constant throughout its length.” 
The first case treated in the paper is that of constant 
core temperature. The particular machine on which 
tests were rnade as a check on the equations was an 
axially ventilated turbo-alternator, and it is probable 
that Mr. Savage’s statement- followed from an inspec¬ 
tion of some of the illustrations. 

Mr. Williamson has called o\ir attention to the 
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importance of obtaining more data. In that I heartily 
concur. But I do not entirely agree that only accumu¬ 
lating data on complete machines will help us materia- 
ally. Of course, we need some of those data, but I 
think that data obtained on models imitating particu¬ 
lar parts of the machine, if suitably combined, could be 
checked against the temperatures in the final machine; 
then we would have a fairly complete solution. (For 
example, we are now conducting researches on the 
rates of dissipation of heat from dummies imitating 
coil ends.) In other words, I would analyze each 
factor or element and then combine and check against 
test results. That method is in contradistinction to 
the usual and generally unsuccessful way of taking 
final test results on a machine, and then analyzing them. 
The problem is too complicated for the latter procedure. 

Mr. Behrend’s comparison of temperatures as 
frequently measured in machines with the various 
measureable temperatures of the man in the diving suit 
is quite interesting. Most of us have realized for many 
years that only tests by detectors on the bare copper 
tell us what are the maximum temperatures in machines. 
Most of the discrepancies and their causes are brought 
out in a recent paper. ^ 

Dr. Hering has indicated the desirability of using 
the “Thermal Ohm.” I recall that Dr. Hering has 
previously advocated the use of that unit. I have 
always been reluctant to. adopt terms that had not been 
universally accepted, and I feel that the individual 
writer has no authority to do so. I believe that the 
paper is made more difficult, rather than simpler, for 
the reader, if he is called upon to learn terms with which 
he is entirely unfamiliar. 

In Figs. 12, 13 and 14 in the paper are illustrated 
the influences of the length of the machine upon the 
temperatures, total heat, and rates of generation and 
flow, the assumption then being that the ratio of 
length of ends to embedded parts is constant. An 
equally interesting set of curves may be drawn, assum¬ 
ing the length of ends to be constant; most manu¬ 
facturers build a number of lengths for a given dia¬ 
meter, in which case the length of the ends do not 
change, if the throw of the coils remains fixed. In the 
following, the same proportions (conductor, insulation 
thickness, surfaces, etc.) were used as for calculating 
Figs. 12 to 14. 


Some practical Experience with. Embedded Temperature 
Detectors,” of Newbury and Peeiilieimer, Teans. A. I. E. E. 
1920 Vol. XXXIX, Part l,p. 971. Reprinted in the Electrical 
Journal, September 1920. 
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In Fig. 3 the temperatures of the copper at the 
middle of the core, the end of the core, and the end of 
the winding are shown. For zero core length,^all 
three temperatures are necessarily the same and equal 
to that corresponding to infinite length of ends, since 
there is heat generated in no other part. The maximum 
temperature in the embedded part for infinite length 
(condition for transverse flow only) is essentially the 
same for either case (57.3 degrees). The temperature 
at the extremity of the windings is necessarily influenced 
by the loss in the embedded part—as the ends are of 
constant-finite-length, and as some heat flows to the 
ends from the embedded part. Hence, the tempera¬ 
tures of the end windings rise as the core length 
increases, and at the extremity approaches the value 
of 27.5 degrees. The temperature of the copper at 
the end of the core is between the maximum and the 
minimum, and the shape of its curve is consequently 


60 

LU 

52 

cc, 

ixi 50 


52 

UJ 


UJ 

“30 

(S 

UJ 

Q 

20 

Pig. 3 —Curves illustrating Influence of Core Length 
Upon Temperature Rise 
Based on constant length of end windings. 

similar to the other two; theoretically, for very great 
length, that temperature approaches a value slightly 
higher than for the case of constant ratio, since the 
average temperature of the ends is slightly higher. 

Fig. 4 is comparable with Fig. 13 in the paper. A 
hasty inspection would show the two sets of curves to 
be nearly identical; there are differences, however, the 
principal one being that the total watts which flow 
transversely (^i) for very short core lengths, are 
actually negative on Fig. B, and are always positive 
in Rg. 13. This means that, with the particular 
proportions and constants, the rate of dissipation of 
heat from the ends is sufficiently great to produce lower 
coil end temperatures than iron temperatures. Conse¬ 
quently, for short core lengths, some heat flows trans- 
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versely from the iron to the embedded copper, longi¬ 
tudinally along the copper to the ends, where it flows 
transversely through the walls of insulation to the 
outside coil surface, and then is taken up by the moving 
air. As the core length increases, however, the 
embedded ■ copper temperature rises, and at about 
4 inches, the average embedded copper and iron 



CORE LENGTH-INCHES 


Fig. 4—Curves Illustrating the Losses in One-Half 
OP THE Embedded Portion of One Coil, and the Heat 
Paths for Same. 

Based on constant length of end windings. 

temperatures are equal—then ^ an amount of heat, 
equal to the total generated in the embedded part, 
flows longitudinally to the ends; near the center of 
the core there is transverse flow from the copper to 
the iron, and near the end of the core there is transverse 
flow m the reverse direction, but the average transverse 
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flow is zero. For longer lengths the embedded copper 
temperature continues to rise, and as its average 
value then exceeds that of the iron, the transverse 
flow is positive; that is, from the copper to the iron. 

^ In Fig. 5, are plotted the average losses and flows, 
similar to Fig. 14 in the paper. The negative trans¬ 
verse flow for very short lengths is now more marked 
than in Fig. B. The very rapid rate of change of 
'"usefulness’' of the two flows for carrying away the 
generated heat with change in length for the shorter 
cores is particularly to be noted. The values for flow 
per inch on Fig 4 for short lengths, where the ends 



Fig. 5—Cukves Illusteating the Losses in One Arma- 
TURE Coil and the Heat Paths per Inch op Core 
Length. 

Based on constant length, of end windings. 


play a large part in the cooling, are quite different 
than in Fig. 14, but the sum of the transverse and 
longitudinal flows are equal to the generated loss for 
any length. On the two sets of curves the flows per 
inch become nearly equal for the greater core lengths, 
and approach the same asymptotes. 

An attempt will be made to present a physical picture 
of the combined transverse and longitudinal flows, and 
given an interpretation, of the differential equation for 
constant iron temperature. (The curves and picture 
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refer to the turbo-alternator for which the tests are 
given in the paper, the particular load being 300 
amperes, 2400 volts.) 

In Fig. 6 are shown the summation of watts generated 
or flowing transversely and the longitudinal flow for the 
length of the embedded and end portions, taking the 
end of the air duct as the starting point. At any value 
of X the total watts generated equals the sum of the 
watts flowing longitudinally and transversely; thus 
at the end of the core, 16.72 = 5.4 -t- 11.32, the same 
as worked out in the paper. The longitudinal flow 
is a maximum at the end of the core, and is zero at the 
starting point and at the end of the winding. Conse¬ 
quently, all of the generated heat must escape trans¬ 
versely when the end of the winding is reached, but for 
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intermediate points, some heat flows longitudinally ' 
and some transversely. In other words, the longi¬ 
tudinal flow simply acts as a means for producing more 
uniform temperatures than would obtain were the 
flow only transverse, but it aflfords no means for heat 
escapement from the coil. 

In Mg. 7 the physical picture is perhaps clarified. 
Here the shading shows the density of heat flow. Thus, 
the transverse flow is at one maximum near the center 
of the core, where the copper is at maximum tempera¬ 
ture, and decreases toward the end of the core as the 
difference between copper and iron temperature 
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the water reaches anywhere. along the channel is 
comparable with the temperature (thermal potential) 
of the copper. If there were linear relations between 
the rate of flow and pressure in hydraulics as in heat, 
the curve of the height of water in the channel would 
probably be comparable with the temperature curve, 
as in the upper part of Fig. 4 in the paper. 

Considering the embedded part, the heat generated 
by P R and eddy currents (corresponding to the springs) 
either flows transversely or longitudinally. At any 
value of X, the heat generated per unit length must 
equal the heat per unit length transmitted transversely 
plus the heat “picked up” per unit length for longi¬ 
tudinal transmission. In the hydraulic analogy, there 
are, say, A gallons per second per inch of length fed in 
at X, of which B gallons per second per inch are spilled 
over the sides, and the remainder, C gallons per inch, 
are turned into the longitudinal flow. 

Referring to equation (9) in the paper, substituting 
the proper values for Aa and Ba, and rearranging, the 
equation may be written as: 

-hNq + {K,- e.Pra)ea 

= (Ka 6i -|- Ca P T) 

Comparing the terms in this equation with equations 
(2), (3) and (4) in the paper, it may be rewritten: 

d w _ d,Wi dw2 

dx ~ dx dx 

Or, the rate of generation of heat equals the rate of 
transverse flow plus the rate of “picking up” of heat 
for longitudinal transmission. Thus, we have a 
physical picture of the differential equation for the 
embedded part. A similar course of reasoning may be 
applied to the ends; but then the longitudinal flow is 
“converted to” transverse, so that the sum of the rate 
of such converted heat flow and the rate of the generated 
heat equals the rate of transverse flow. (A little 
caution must be observed in the signs of terms in the 
differential equation for the ends.) 

These relations are clearly shown in Fig. 8, wherein 
the ordinates are the slopes of the curves in Fig. D. 
Furthennore, the picture in Fig. 7 may be compared 
with Figs. 6 and 8, and the changes in the manner of 
flow for various values of X will be then better under¬ 
stood. The rates of generation of heat would be 
constant but for the influence of temperature in chang¬ 
ing the resistance, and for the abrupt change in eddy 
current loss at the end of the core. The shapes of 
the curves for transverse flow have been previously 
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explained; again there is an abrupt change at the end 

® ^^te of picking up of heat for longi¬ 

tudinal now IS not zero for X = 0, nor for ^ = 0, as 
are the actual longitudinal heats (see Fig. 6). The 

negative for the end windings, 
that IS, it IS then conversion from longitudinal to trans¬ 
verse now. 

In all three curves on Fig. 8 there are discontinuities 
between the embedded parts and the ends; that is, 
the functions are discontinuous. The quantities which 
may be equated at the end of the core are the tempera¬ 
ture of the copper, and the longitudinal flow. In the 



Fig. 8—Curves Illustrating the Rate of Generation 
OF Heat and the Rates op Discharge and “Picking Up” 
OP Heat 


differential equations for the embedded and end por¬ 
tions, there are a total of four constants of integration, 
two in each equation. These four constants may be 
considered as being determined by the following four 
conditions: 

1. The copper temperature is maximum for X = 0. 

2. The copper temperature is minimum for y = 0. 

3. The temperature of the embedded copper equals 
that of the ends for X = 1/2 length of core or y = 1/2 
length of one end coil (at the end of the core). 

4. The longitudinal flow from the embedded part to 
the ends equals that received by the ends for X = 1/2 
length of core or y = 1/2 length of one end coil (at 
the end of the core). 

In the paper the statement as regards the constants 
of integration are slightly different, but the same ter¬ 
minal conditions were used. 
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DEVELOPMENTS IN CONVERSION APPARATUS 
FOR EDISON SYSTEMS 


BY T. P. BAETON AND T. T. HAMBLEtON 

Both of the General Electric Co. 


E lectrical energy for Edison systems is most 
efficiently produced and distributed to substa¬ 
tions in the form of alternating current. At the 
substation it is converted into direct current and dis¬ 
tributed to a three-wire network at a suitable voltage. 

Conversion apparatus for Edison systems has taken 
the form of motor-generator set, synchronous con¬ 
verter and dynarotor. The voltage-range require¬ 
ment of this service caused the development of several 


Synchronous Booster 
^Corwer^cj^ 

f ig.a 




Biq.b 


Fig. 1—Vector Diagrams, Synchronous Booster and 
Field-controlled Converter 

schemes for effecting voltage range with a synchronous 
converter. The tap changing switch with the trans¬ 
former, the induction regulator, the regulating pole 
construction, the synchronous booster and field control 
are the forms which have been or are in commercial 
use. 

Edison systems operating at 25 cycles have used syn¬ 
chronous converters almost entirely. At 60 cycles 
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the motor-generator set, both synchronous and induc¬ 
tion has been used extensively on account of the ques¬ 
tionable performance of the early 60-cycle converter. 

Conversion apparatus for Edison systems must pro¬ 
vide sufficient voltage range to maintain constant 
voltage at the load centers. The range depends on the 
amount of copper in the feeders and network, location 
of substations and load density. 

In order to present the facts which should be con¬ 
sidered in selecting the more suitable type of conversion 
apparatus for a particular service, the characteristics of 
the synchronous converter and the modern motor- 
generator set will be discussed. 

Synchronous Booster Converter 

The synchronous booster has superseded the in¬ 
duction regulator because of lower first cost, greater 
reliability, and simpler substation layout. Its charac¬ 
teristics will be considered in detail for comparison with 
other tjrpes. 

Fig. la represents vectorially the relation of the volt¬ 
ages in the converter, booster and transformer at full 
load. For simplicity, the resistance drops have been 
omitted. Unity power factor is assximed at the col¬ 
lector rings. The following table specifies and gives 


the values of the voltages. 

Er —Collector ring voltage. . 100 

Ex —Booster reactance voltage from load 

current. 10 

Ee —Booster energy or field voltage. 15 

Eb —Booster armature voltage. 18 

Ea —Converter armature voltage.. 85 or 115 

X i —Reactance drop in transformer and leads. 7.5 

Ep —Primary voltage. 100. + 


The principal component of Ex, the reactance volt¬ 
age of the booster, is generated by the armature con¬ 
ductors cutting a magnetic field set up by the armature 
reaction of the load current in the neutral space and 
adjacent pole tips. It is 65 to 70 per cent of the de¬ 
signed voltage of the average booster. 

Fig. 2 is an oscillograph record showing the voltage 
at the collector rings, voltage of booster armature and 
of an exploring coil in the booster armature. The 













1921] 


CONVERSION APPARATUS 


665 


latter indicates the field form of the flux set up by the 
armature reaction. Such a field form will cause high 
core loss and eddy current loss in the armature con¬ 
ductors. The eddy current loss is materially reduced 
by the use of stranded cable conductors in which the 
individual strands are adequately insulated. 

The power factor at any point in the circuit can be 
determined from the relations shown in Fig. lo. For 
unity at the collector rings the converter is furnishing 
10 per cent leading kv-a. (99.4 power factor). For 
unity at the primary terminals of the transformer, the 





Fig. 2 Oscillograph Record, 1000-kw., 25-cycle Syn¬ 
chronous Booster Converter 


Uper curve—Booster armature voltage 
Middle curve—Oollectior ring voltage 
Lower curve—Booster armature exploring coil voltage 


converter armature must furnish leading kv-a. to the 
amount of 10 per cent for the booster reactance, 7)^ per 
cent for the transformer and lead reactance, and 5 
per cent transformer magnetizing current,—totaling 
223^ per cent (97.5 power factor). 

The values here assigned to reactance and mag¬ 
netizing current are a minimum for modern designs; 
therefore, combinations, especially at 60 cycles, will 
be found where the converter armature must operate 
as low as 95 per cent power factor leading to hold unity 
at the transformer primary. 

Fig. 3 shows the effect of power factor and booster 
on the average PR loss of the armature conductors. 
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Fig. 4 shows the effect on the P R loss in the armature 
conductors in the tap zone. The tap zone includes 
the armature conductors in which the greatest average 
P R loss occurs and is therefore the hottest spot in the 
converter armature. It is here taken as the tap slot 
and the adjacent slots on either side. The greatest 
loss occurs in the tap coil at unity power factor. 
The greatest average loss at any leading power factor 
takes place in the conductors in the slot next ahead 
of or in the direction of rotation from the tap slot. 
The converse is true for lagging power factor. 



Fig. 3 


The P R loss in the tap zone of a converter increases 
at a much greater rate for a change in power factor 
than in any other type of alternating-current machine. 
It is, therefore, of the greatest importance that^ a 
converter be operated within the power factor limits 
for which it has been designed. 

■ The transformer capacity is usually 5 to 10 per cent 
greater than the converter. The high-voltage winding 
is arranged with four 2J4 cent full-capacity taps 
below rated voltage. The low-voltage winding is 
provided with a 50 per cent tap for connecting to the 
neutral of the Edison system. Suitable taps and lead 
arrangement are provided in either winding if a-c. 
starting is required. 

The reactance and exciting current are a minimum 
consistent with conservative transformer design. An 
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upper limit of 7^ per cent for each is set for continuous 
rated machines. The rated secondary voltage should 
be as high as the range of the booster, together with 
the application requirements, permits, for such an 
arrangement gives the best efficiency, lowest heating 
and most stable operation. 

In the simple converter there is a fixed relation 
between the direct and alternating currents. The 
resultant armature reaction under the commutating 
pole, therefore, varies directly with the load current 
and may be neutralized by a series winding. This 
relation exists also in the sjmchronous booster con¬ 



verter when the booster field is not excited. The 
series winding alone maintains commutation at the 
mid or neutral voltage. 

When raising or lowering the voltage, the booster 
operates as an altema,tor or motor; the converter as 
converter and motor or as converter and d-c. generator. 
The armature reaction of the motor current in the 
converter armature magnetizes, and, of the generator- 
current, demagnetizes the commutating pole. To 
maintain correct commutation, these effects must be 
neutralized. This is accomplished by a second winding 
on the commutating pole properly excited and con- 
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increase in the voltage range without exceeding full¬ 
load armature heating. Fig. 5 shows additional 
marking on a d-c. ammeter scale to indicate the 
maximum reactive kv-a. permissible at any load. 

The field-controlled converter at unity power factor 
is a simple converter and the commutation require¬ 
ments are as previously described. When the power 
factor is leading, there is a change in the armature 
reaction which demagnetizes the commutating pole; 
the converse is true for lagging power factor. To 
neutralize this effect, a second winding is required on 
the commutating pole. This winding is approximately 
10 per cent of the series winding on a converter of 
average proportion used for a 5 per cent voltage range 
by field control. The disturbance in the armature 
reaction is proportional to the reactive current which, 
in turn, is proportional to the main field current. 
The second winding is, therefore, excited and con¬ 
trolled from the main field rheostat. 
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Pig. 5—Makking of D-C. Ammeter Scale to Show the 
Operator the Capacity op the Converter 

The shunt-wound converter can be operated with 
equal stability over a greater range of reactive current 
and with more reactance in the a-c. circuit than the 
compound-wound machine. The usual design of 
250-volt converter gives about 60 per cent reactive 
current at no-load and with zero field. To get the 
best efficiency over the voltage range, maximum ob¬ 
tainable reactive current is used at no-load minimum 
voltage. The converter armature loss on this basis, over 
a 10 per cent voltage range, is shown in Fig. 6, Curve a. 

Fig. 7 gives results from test showing the relation of 
reactive current at the converter collector rings at no- 
load, half load, and full load over the voltage range.’ 
The loss shown in Fig, 6, Curve a is based on results 
of test. 
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Fig. 8 shows the conventional voltage range, that is, 
the range from no-load minimum to full-load maxi¬ 
mum; also the additional range at lower voltages with 
increase in load, and the additional range at higher 
voltages with partial loads. The curves are from test 
on a 4200-kw. unit. It may be argued that only the 
conventional range is of any commercial value, but 
additional lowering of voltage under load is useful for 



Fig. 6 Comparison of D R Armature Losses over the 
Voltage Range of the Field-Controlled and the Syn¬ 
chronous Booster Converter with Unity Power Factor, 
High-Tension Collector Rings and Converter Armature 

load shifting and limiting. The higher voltage will 
often provide for the requirement of a higher bus on 
which the load is small. 

In the larger substations, three d-c. buses are often 
used. During light load periods, all buses are tied 
together, giving in effect, a 24-hour load at nearly 
constant voltage. (Fig. 9 low/bus). 
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The voltage of the main and high bus is also shown. 
Attention is called to the voltage range indicated by 
X and y. This is an important consideration where a 



Pig. 7—Relation op Voltagk Range to Reactive kv-a.— 
4200-kw. 25-Cycle Field-Controlled Converter 

number of machines are operating in parallel on a bus. 
The wide-range machines are connected first and the 



Pig. 8—Relation op Voltage Range to Load—4200-kw. 
25-Cycle Field-Controlled Converter 

narrow-range machines are connected last and dis- 
connected first. Suitable switches for changing the 
transformer connections with the transformer unex- 
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cited makes a narrow-range machine available for any 
bus. To change from one bus to another, the load must 
be removed, the transformer line switch opened, ratio 



Fig. 9 


adjuster operated to the desired position, machine 
synchronized, and loaded. 



Fig. 10—Combined Bppiciency op Conveetee and Tkans- 

former 


upper iu per cent voltage range curves, 




.i-u-cyuie neia-con- 


trolled converter equipment. 

Lower 22 per cent voltage range curves. 3.500-kw. 2S-eycle synchronous 
booster converter equipment .y^i»-nronous 


The transformer is designed for approximately 15 
per cent reactance. The equipment is designed for a 
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total range of 20 per cent (±10 per cent) with five run¬ 
ning points on the transformer. The available range 
from any running connection is 10 per cent (±5 per 
cent) resulting in a very flexible arrangement. The 
high-reactance transformer is a very satisfactory de¬ 
sign, and, in many cases, costs little more than the low 
or normal-reactance type. 

The following is a comparison of the field-controlled 
and sjmchronous booster types: 

1. Higher efiiciency of field-controlled type as shown 
in Fig. 10. The values are from tests on a 4200-kw. 



Fiu. 11 —Relation of Power Factor to Voltage Range 
AT Pull Load, Field-Controlled Converter 

field-controlled and 3500-kw, synchronous booster 
converter and transformer. The transformer efficiency 
in each case is approximately the same and the loss 
in the low-voltage connections has been deducted. 
The efficiency of the types over their respective voltage 
ranges is shown at one-half, three-quarter and full load. 
The efficiency of the field-controlled converter vanes 
considerably over the voltage range. A transformer 
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3. Better ventilation and accessibility of the field 
controlled converter. 

4. Cost is in favor of the field-controlled converter 
for a voltage range not to exceed 10 per cent (±5 per 
cent). The cost of the synchronous booster con¬ 
verter is reduced about 1 per cent in lowering the 
booster voltage from 15 to 10 per cent, and 2 per cent 
in reducing from 15 to 5 per cent. 

5. Saving in floor space is in favor of the field-con- 
trolled converter. 

6. The synchronous booster converter allows operating 
at unity power factor at the collector rings over its 
range of voltage; also it can be designed, at additional 



cost, to hold unity power factor at the transformer 
primary. The power factor of the field-controlled 
converter can not be adjusted independently of voltage, 
and the power factor at the transformer primap^ may 
be as low as 94 per cent lagging at full load minimum 
voltage, and about unity at maximum voltage. At 
partial loads the power factor will be lower; however, 
the reactive kv-a. should be considered, as it is a better 
guide than power factor. Fig. 11 shows the power 
factor at the transformer primary and the collector 
rings at full load over the voltage range. 
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^ 7. The synchronous booster converter can be de¬ 
signed for a large voltage range while the field-con- 
trolled is limited to approximately 10 per cent. If the 
a-c.^ line has poor regulation (resistance drop) or is 
subject to voltage fluctuations, the net range is re¬ 
duced in proportion. The a-c. range should, therefore 
be considered in connection with d-c. range required, 
in selecting the proper type of apparatus. 

8. When starting d-c., it is not possible to change 
the a-c. voltage of the field-controlled converter for 
synchronizing and the d-c. supply should be tripped 
immediately before closing the a-c. circuit. This 
method of synchronizing is desirable on the synchron¬ 
ous booster converter as well. 

9. Simplicity of the field-controlled converter. 

10. Fig. 13 shows voltage range and regulation from 
test on large units of each type. Close regulation is 
not necessary to meet requirements of Edison ser¬ 
vice, furthermore broad regulation, especially when 
batteries are floated on the bus, gives greater stability. 

11. Fig. 6 shows the average PR loss in the con¬ 
verter armature of each type. 

Modified Synchronous Booster Converter 

The synchronous booster may be excited either by 
direct current in the field coils or reactive current in 
the armature. The field winding may, therefore, be 
omitted and the field structure somewhat reduced. 
It is not practicable to furnish as much excitation 
through the armature as through the field windings 
and therefore this type of booster has a smaller volt¬ 
age range. 

The effects on commutation of the synchronous 
booster and field control are approximately equal and 
opposite for machines of equal range. Both these effects 
are present in the modified booster and no auxiliary 
commutation devices are necessary. 

Transformers 

Transformers for synchronous converters may be 
single- or three-phase, shell or core type, air-blast, 
water-cooled, or self-cooled. 

The secondary winding is designed for low voltage 
with high amperage. This requires a winding con- 
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pole field strength is effected and compensated for as 
in the field-controlled converter. 

There are certain apparent limitations due entirely 
to the usual forms of construction. The high-voltage 
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a-c. winding is difficult when built on a rotor, especially 
if the voltage exceeds 6600. Since the a-c. and d~c. 
windings are in common slots, a failure in the bottom 
winding involves removing both windings for repairs. 

The over-all efficiency of such a unit is slightly 
higher than the synchronous booster converter with 
its transformer and connections, higher than the motor- 
generator, but lower than the field-controlled converter 
and transformer. 

Fig. 14 gives characteristic curves from actual test 
on a 1000-kw. 250-volt unit. Fig. 15 is an illustration 
of the unit with a-c. synchronous booster. The booster 
was removed before the machine was installed since 
the necessary voltage range was obtained without it. 
A-C. Starting 

There have been no recent important developments 
in direct-current, induction-motor or secondary-tap 



1^ iG. 17 Oscillograph Record, Secondary-Tap Starting 
2500-kw. 60-Cycle Synchronous Booster Converter 

Switching from 75 per cent tap to full voltage 


starting. High-tension starting simplifies the low- 
voltage connections and eliminates heavy current 
switches. 

Three methods are available: series-multiple, Y- 
delta and extended primary windings. Series-multiple 
offers the greatest advantage on two-phase-six-phase 
transformation; Y-delta on three-phase-six-phase, and 
extended-primary windings in conjunction with re¬ 
actors for switching under load, 

Y-delta is the cheapest. It requires two triple¬ 
pole switches only when 58 per cent starting voltage 
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is suitable. For other voltages three primary taps 
must be added. The connections should be so chosen 
that the time phase displacement of 30 electrical 
degrees between the Y and delta connections will 
allow the converter armature to drop back a certain 
angle depending on the ratio of its losses to stored 
energy. This reduces the 30-degree phase displace¬ 
ment. 

The starting kv-a. will be the same with low-tension 
or high-tension starting. The kv-a. on switching to 
full voltage depends on the voltage and phase differ¬ 
ence of supply and converter. If the time in switching 
were zero, then the low-tension starting would have 
the advantage with no phase displacement against 
30 degrees for T-delta. The time in switching tends 
to equalize this difference. 

Fig. 16 is an oscillograph record of the current in 
starting and switching, for secondary-tap starting, on 
a 2500-kw., 60-cycle, synchronous booster converter. 
The kv-a. at the instant of start is 150 per cent, 
dropping immediately to 110 per cent. On switching 
to full voltage, the inrush is 110 per cent. As a 
matter of interest, the complete starting and switching 
event is shown. 

Fig. 17 shows the time of switching (0.72 sec.), also 
the phase displacement between line and converter, 
amounting to 20 electrical degrees behind. 

Fig. 18 is an oscillograph record of starting current, 
for 7-delta high-tension starting, on a 3700-kw., 
60-cycle, booster converter. The inrush kv-a. is 
100 per cent, dropping immediately to 69 per cent. 
The inrush on switching to full voltage is 75 per cent. 

Fig. 19 shows the time of switching (0.38 sec.), 
also the phase displacement between line and con¬ 
verter amounting to 20 electrical degrees ahead. 

Fig. 20 shows that there is no noticeable effect on the 
vc.tage of the system (140,000-kv-a. connected capac¬ 
ity) when a 3700-kw. 60-cycle unit is started. 

Motor-Generator 

In selecting between synchronous motor-generator 
or synchronous converter for Edison service, costs, 
floor space, efficiency, parallel operation with existing 


















. f>0fe 


itii 


STarTm^ Curre/it 


BARTON AND HAAIBLETON 


apparatus, and synchronous condenser capacity have 
been the determining factors. The characteristics 
of the two types of apparatus are, however, radically 
different under certain conditions. The converter 


Fig. 18~Oscillogeaph Record, High-Tension F-Delta 
Starting, 3700-kw. 60-Cycle Synchronous Booster Con¬ 
verter 


once out of synchronism with the supply can not 
remain connected to the d-c. system because of its 
changing polarity. The s3?Tichronous motor can drop 
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Fig. 19—Oscillograph Record, High-Tension F-Delta 
Starting, 3700-kw. 60-Cycle Synchronous Booster Con¬ 
verter 


Switching 72 per cent to fuU voltage 


out of step vsdthout affecting the generator in any way 

except to drop its speed and therefore its voltage and 
load. 

Motor-generator sets now in operation on Edison 
systems have not been designed with special regard to 
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load limiting of the generator or a-c. starting and syn¬ 
chronizing of the motor. Generators in the mainfhave 
been built shunt-wound, a few compound-wound 
and a number with series windings for differential- 
generator or compound-wound motor operation. The 
differential generator was thought necessary for suc- 
cesful parallel operation with batteries, but in actual 
practise it has been found that the regulation of the 
generator operating shunt-wound with series winding 
short-circuited is sufficient to give the desired results 
under normal conditions. Under abnormal conditions, 
however, it would be desirable to make use of this 
winding controlled so as to bring it into action on 
overload or reverse current to give increased stability. 



Fig. 20 Oscillograi^h Record, High-Tension 3^-Delta 
Starting, 3700-kw. 60-Cycle Sy^nchronous Booster Con¬ 
verter 


Both generator and motor designs .have advanced to 
the stage where certain desirable characteristics can be 
obtained at reasonable cost. 

The synchronous motor can be designed to give, 
sufficient torque to synchronize with full load on the 
generator. Figs. 21 and 22 show the relation between 
available motor torque and torque required by the 
generator, from which it is clear that the motor will 
synchronize with full load on generator if the supply 
voltage is normal. Reactance is connected in the 
motor circuit so that, in restoring service, full voltage 
may be impressed. The kv-a. required for starting 
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with such an arrangement is high and would be 
warranted only under abnormal conditions. The 
usual switching arrangement with compensator would 
be used for normal starting duty. 



Fig. 21 


The amount of reactance required for the 60-eycle 
motor would increase the cost of the set from 2 to 3 
per cent, and lower the efficiency from 0.1 to 0.3 of 
one per cent. At 25 cycles, from 4 to 6 per cent in 
cost and 0.25 to 0.5 of one per cent in efficiency. The 
loss in the reactor under normal conditions could be 



Fig. 22 


eliminated by use of a short-circuiting switch, the 
switch controller to open for or under abnormal 
conditions. 

The motor torque shown is that of the amortisseur 
^vmding. The motor field should be energized at 
about 95 per cent of synchronism, giving additional 
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torque at the higher speeds, and finally synchronous 
torque. Below this speed, the torque would be 
greatly reduced if the field were excited. 

The field circuit of the motor is controlled by a 
device that is responsive to “slip” between the motor 
and the supply; adjusted to open the motor field 
circuit at a predetermined slip and close it at a slightly 
higher value. This scheme makes available the 
maximum motor torque at all speeds. 

The stator winding is protected against over¬ 
heating by a thermal relay, the amdrtisseur winding 
by a time setting; that is, when the motor field is 
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excitation to give a limited output in current on short 
circuit (usually 125 per cent on continuous rated 
machines). Where generators are operated in parallel 
with batteries, exciters are not necessary. 

Fig. 25 gives the characteristic curves of a generator 
with connections as shown in Fig. 24. Voltage in this 
case is automatically held constant up to full load, 
beyond which no further change is made in field 
rheostat setting. The short-circuiting device of the 
series^ differential winding opens, giving an initial 
drop in voltage and load. With a further reduction 
in resistance of the external circuit, the voltage gradu¬ 
ally decreases to zero and the current increases 
but slightly. This characteristic is required of a 


xnh - ^^nerator Characteristic Curves 
Motor G gnerator 5et.i i i i i i 
Kw.Testr r i I J ::?■— 



.02 0 

Ohms Res istaneg Extc rn ai Current. 
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and reverses. The generator operates as a compound- 
wound motor until voltage is restored approximately 
to normal. 

The motor-generator with such characteristics will 
give continuity of service on an Edison system equal 
to that of the generating system supplying the power. 
The motor-generator, therefore, supplements the 
storage battery and can be used to reduce the amount 
of battery capacity required to give a system protec¬ 
tion against a momentary interruption of a-c. supply. 

Alternating-current power systems are constantly 
being developed to give continuity of service, also 
to localize the effects of disturbances and promptly 
to clear the fault from the, system. Each improvement 
made in the a-c. system is reflected directly in the 
Edison system if the motor-generator is used. This 
does not mean that all conversion apparatus must be 
of the motor-generator type. A very careful study 
of any system will be necessary to indicate the proper 
capacity relation of converter, motor-generator, and 
storage battery to meet a desired service. 

■ Restoring service on an Edison system after a 
complete shut-down is promptly and smoothly ac¬ 
complished by the motor-generator set after the 
restoration of a-c. voltage. Each set connects to the 
d-c. system, delivers a predetermined amount of 
current and, as additional units connect, the voltage 
will increase until normal conditions are reached. 

In general, the efficiency of the motor-generator at 
full load is approximately 2 per cent lower than the 
synchronous booster converter equipment, and at 
half load about 5 per cent. Floorspace is about equal at 
1500 kw., in favor of the motor-generator in smaller 
sizes and in favor of the converter in larger sizes. 
The difference is considerable at 4000 kw. The motor- 
generator is cheaper and more efl&cient as a three-unit 
set above 1500 kw. capacity. Generators controlled 
as shown in Fig. 24 can be connected permanently in 
parallel, which simplifies the switch-gear. 

Automatic Substations 

The advantages of automatic operation of substa¬ 
tions for railway work have been fully demonstrated 
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during the last six years, as is evidenced by the rapid 
increase in the number of such installations. Semi¬ 
automatic, remote control was demonstrated at De¬ 
troit in 1912 in the application of a 500-kw. synchronous 
converter equipment for lighting and power work. 
Edison systems to date have taken little or no advan¬ 
tage of developments for automatic control of con¬ 
version apparatus. The economy of the automatic 
substation for the interurban electric railway was 
obvious; its application to railway substations for 
city work was questioned and after six years, this 


field i^ being developed. The Edison substation differs 
but slightly from the latter, and, in the case of several 
moderate-size systems where a complete analysis has 
been made, the automatic operation of the entire 
system is not only favorable but highly desirable. 
In one case, it was necessary to vacate existing sub¬ 
stations and change all converting apparatus to operate 
from 60 instead of 25 cycles. Here the a-c. svstem was 
developed and protected sufficiently to warrant the 
omission of batteries provided the automatic substa¬ 
tion could be depended upon to handle the situation 
normally and under any emergency. 

In another case, the main substation was located 
on very valuable property. By sub-dividing a saving 



Fig. 26—215-Volt Secondary Coil and Insulation, 4550- 
Kv-A. Air-Blast Transformer 
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can be made in substation and property cost, in addi¬ 
tion to a large saving in distribution losses and opera¬ 
ting costs. 

Every system has its specific problems. There are 
large substations located in high load-density areas 
where automatic operation is neither desirable, eco¬ 
nomical or advisable; there are stations where duties 
aside from operating, would require attendance, but 
there is probably a place on every Edison system for 
an automatic substation. 

The existing d-c. area may be encroached upon by 
the a-c. system because there is not enough load for 
an additional manually operated station, because feeder 
losses are high to the nearest d-c. substation, or be¬ 
cause a booster or special machine would be required 
at the existing substation; yet d-c. service might be 
very desirable in such a locality. The automatic 
substation is the answer. 

The operator who goes about his duties quickly 
makes every inove with precision and accuracy, is 
not confused by emergencies, exercises good judgment 
and is constantly alert to the situation, is too valuable 
a man for operating, and such insurance can be given 
the apparatus and service by automatic control. 
Confidence in the operation of automatic substations 
comes with experience in operating them. 

The small and medium-size automatic substation 
would be provided with load-limiting equipment. In case 
of complete shut-down of the system the automatic sub¬ 
station starts promptly on the return of a-c. power, con-, 
nects to the d-c. system and delivers its full current out¬ 
put, raising its voltage as the system permits until normal 
conditions are restored. For larger automatic sub¬ 
stations, conversion apparatus with sufficient volt¬ 
age range for load shifting when converters are used, 
and individual feeder protection by a suitable form 
of re-closing device, will be the most economical ar¬ 
rangement if the capacity of such automatic substations 
is not essential in restoring service after a complete 
system shut-down. 

The automatic substation can at times be justified 
by the saving in operating costs, if converters are 
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used and no-load limiting equipment is required. To 
secure the maximum return, however, the substations 
and distribution should be worked out to give a proper 
balance between cost of losses and capital investment. 

No-load limiting equipment is required in the case 
of the motor-generator set as has been described. 
Also the motor can be designed to give motive power 
under all except the most abnormal conditions 
of power supply. This form of conversion apparatus 
is therefore very suitable for automatic substation 
application. 

Load-limiting equipment for the converter is most 
economical in the form of series resistance. The type 
of resistor depends on the machine capacity and the 
number of steps required. In general, above 500 
kw., water cooling is provided if resistance metal is 
used; metal resistance with suitable short-circuiting 
device if the number of steps does not exceed four and 
the current capacity does not exceed 19,000 amperes. 
A liquid rheostat with an infinite number of steps to 
the point of short-circuiting is used for higher capacities 
or more exacting requirements. Provision should be 
made to exhaust the vapors from the substation with 
either of the latter forms of resistors. 

The authors desire to express their thanks to Mr. 
E. 0. Shirley for help in preparing this article. 
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Discussion on “Developments in Conversion Ap¬ 
paratus FOR Edison Systems” (Barton and 
Hambleton), New York, N. Y., March 11,1921. 

B. G. Lamme: In the early days of direct-current 
machinery, voltage control meant, largely, holding the 
voltage constant with change in load. When the 
synchronous converter came into use, about the middle 
nineties, one of its meritorious features was that it 
tended to give constant potential at its d-c. terminals 
when the a-c. supply voltage was held constant, and, 
as most of these early converters were for railway ser¬ 
vice, this condition was really quite satisfactory. 

However, when we got into other fields of endeavor 
with the synchronous converter, it soon developed that 
this supposedly meritorious feature of the converter 
was really a serious handicap in some ways, and means 
were soon attempted for overcoming it. The earliest 
of these was the use of reactance in the a-c. supply 
system. It was discovered, as early as 1890, that a 
synchronous motor could set up leading, as well as 
lagging currents in its supply system, by suitable 
adjustment of its field excitation. Tests made in 1890, 
showed that a synchronous motor with heavily over¬ 
excited field, could maintain full voltage at the terminals 
of its driving generator, even with the excitation en¬ 
tirely removed from the latter. The reasons for this 
were understood, and, consequently, when synchronous 
converter voltage regulation came up for consideration, 
naturally , the earliest method considered was that of 
controlling the voltage supplied to the converter by 
means of variations in the field excitation of the con¬ 
verter itself. As a “compounding” effect was really 
wanted on the earliest converters, this was obtained by 
series coils in the fields. However, it was well known 
that similar voltage control could be obtained by varia¬ 
tions in the shunt field strength, with suitable reactance 
in the a-c. system. This general method was covered by 
patents as early as 1896, and in the following years it 
was used commercially to a great extent in railway 
work, and it is even the standard method today. Also, 
about 1896 or a little later, several installations were 
made with regulation by means of variation in the 
shunt field excitation, these being principally eases 
where only a moderate range of voltage was required. 
In one or two instances, a range of 10 to 15 per cent up 
and down was attempted, but it was found that this 
was too great a range, as it meant very bad power 
factor under some conditions of operation. Conse¬ 
quently, the method was dropped chiefly on account of 
its limited range. It was followed by the use of in- 
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ductiqn regulators in the a-c. supply circuit for varying 
the direct-current voltage and this practise was the 
standard between 1898 and 1904 or ’05. This allowed 
almost any desired voltage range up and down, de¬ 
pending upon the_ range of the induction regulator 
itself. The principle of this method was entirely 
satisfactory, but, in practise, it was complicated and 
expensive and both manufacturers and operators were 
always on the lookout for a more satisfactory device. 

About 1904, the so-called “split-pole” or “regulating- 
pole” synchronous converter was brought out vith a 
view to eliminating the induction regulator. This was 
undoubtedly a big step in advance and, for a time, it 
showed evidence of dominating the field. However, 
some two years later, the synchronous-booster converter 
(an old scheme) was brought out commercially and for 
several years there was warm competition between these 
two types. The synchronous-booster machine, as the 
name implies, was simply a converter with a synchron¬ 
ous booster or alternator in its a-c. circuit, for control¬ 
ling the voltage supplied to the rotary. It was a 
simpler arrangement than the regulating pole type and 
admitted the ready application of commutating poles, 
which came several years later. It was largely on 
accoimt of the latter, that the synchronous-booster 
finally won out over the regulating-pole type. 

These three types of regulation, namely, the indue- 
tion regulator, the regulating pole, and the synchronous 
booster were all applicable for rather wide ranges of 
voltage, such as 15 per cent up or down from the mean. 

1 his was necessary in those days for two reasons, 
correct variations in the supply voltage 
ot the system, and to cover, in addition, a certain 
working range in the d-c. voltage, particularly in 
connection with three-wire _ d-c. systems. To cover 
1 A i of these variables required apparently a range of 
10 to 15 per cent up and down from the mean. All of 
these regulating means were niuch more complex and 
more expensive than the plain field control of the 
earliest method. However, with the growth of the 
systems, both m capacity and constancy of load there 
have been improvements in the service. In certain 
districts and small areas supplied from one 
substation, recent experience has shown that much 
ranges m TOltage than 10 to 15 per cent up and 
down are found. This has led to a return to the original 
S rotaries in certain cases viere 

wSS ®.t<'Ondary voltage variations 

the permissible limits for this method. 

larL ^^^t in certain of the 

large three-wire city systems, a range up and down of 
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less than 5 per cent may cover not only the daily but 
the yearly variations. Obviously, such a small range 
merits the careful consideration of the field control 
method of regulation, especially as, in modern practise, 
a considerable amount of reactance is purposely per¬ 
mitted in the supply transformers. The principal 
merit of the arrangement, however, is in the simplifica¬ 
tion of the apparatus by the omission of separate 
regulating appliances. There are minor handicaps 
in the method, but as long as they are recognized and 
allowances made for them in the design, they do not 
concern the operator. Therefore, if this method of 
regulation of converters is applied within its limitations, 
there is no reason whatever why it should not prove to 
be a very satisfactory method. 

_ Here is an illustration of what has happened many 
times in the history of the electrical business. Methods 
of construction or of operation, which at first have 
proven unsatisfactory, due to faults outside themselves, 
have, after many years, come back into use again, due 
to new_ conditions or to modifications of the original 
limitations through changes in practise or improve¬ 
ments in service. New devices come in which are so 
old that many of the present generation have never 
heard of them. For example, voltage regulation in an 
a-c. system by means of field variation of a synchronous 
motor or condenser in the system, was proposed some 
thirty years ago and broadly patented shortly after¬ 
wards, but yet there was little or no field for the scheme 
until long after the patent had expired. This is the 
basic principle in the earliest voltage control of syn¬ 
chronous converters, which, as mentioned before, 
went out of use nearly twenty-five years ago and now 
comes back again when suitable operating conditions 
develop for it. 

Albert A. Nims: One of the many interesting 
features of this paper is the device for increasing the 
approximately constant ratio between the alternating- 
current voltage and the direct-current voltage from 
the order of unity up to' 50 or 60 to 1. This is the 
dynamotor, where the direct-current and alternating- 
current windings are separate, but carried on the 
same core. 

There is another device for increasing that ratio to 
the same extent, to which I was looking for some 
reference in this paper or possibly in the discussion. 
That arrangement consists of a rotary transformer 
mounted upon the rotary shaft with permanent con¬ 
nections between the secondary and the alternating- 
current side of the rotary itself. The rotating trans¬ 
former is, of course, an induction motor, and the 
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booster, referred to the booster rating. The booster 
is simply an alternator having the same characteristics 
as any other well designed alternator, and this state¬ 
ment amounts to saying that it is usual to design an 
alternator with 70 per cent reactance. That is not, 
of course, necessary, nor is it desirable in a generator 
used as a booster in the synchronous converter, where 
low reactance is one of the desirable characteristics. 

In converters with which I am familiar, the reactance 
instead of being 70 per cent, is more apt to be 30 and 
40 per cent, even in 60-cycle units, and that is equiva¬ 
lent to four or five per cent reactance referred to con¬ 
verter rating, instead of 10 per cent. This difference 
between 10 per cent reactance, and 4 or 5 per cent 
reactance, will modify many of the comparisons made 
in the paper. 

Further on in the same paragraph on page 665, 
the statement is made that the booster converter 
armature in some cases must operate at 95 per cent 
power factor to hold unity power factor at the trans¬ 
former primary. Is not that a little bit unfair to 
the synchronous converter? Why burden it with 
the additional , duty of holding unity power 
factor on the high-tension side of the transformer 
when we are comparing it with a device that must of 
necessity operate at much larger wattless currents in 
the transmission circuit than does the booster con¬ 
verter even when the latter operates at 100 per cent 
power factor at low-tension side of the transformer. 
It is an advantage possessed by the booster converter, 
it can be operated at variable power factor, in¬ 
dependently of its direct-current voltage, but that 
virtue should not be used against it in comparing it 
with a device that necessarily operates at a fixed power 
factor for a certain condition of load and reactance. 

In the second place, most of the comparisons that 
have been emphasized in the text have been made 
between the synchronous converter operating with a 
15 per cent range and the field control converter 
operating at a 5 per cent range. This, of course, 
is all right if the distinction is kept in mind that one 
type of apparatus is limited to low range applications 
and the other type can be used for wide-range 
applications. 

If the performance, of the synchronous converter 
had been based on a reasonably low reactance of four 
or five per cent, and if the range in application for the 
synchronous converter had been assumed at values 
now more commonly used than 15 i^er cent, that is, 
from ten to twelve per cent, the various comparisons 
would look differently and would be much more in 
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favor of the synchronous types; but let me repeat: 
these statements are in no sense to be taken as a 
disparagement of one type against the other, because 
each has its field, and each has advantages in its own 
field, and these comparisons are important only in 
sizing up the situation in a particular case for a particu¬ 
lar operating system. 

There is, however, one point mentioned in the paper 
that is, I think, of fundamental importance; the 
question of efficiency. It is stated in the paper that 
the s3mchronous booster type has a considerably lower 
efficiency than the field-control type. I question, 
however, whether this statement can be made generally, 
based on the evidence we now have. 


We have recently made input-output efficiency 
tests, using a 60-cycle converter of 6000 amperes normal 
rating. We used a 60-cycle booster converter, because 
it would have the greatest load losses, and presumably 
the greatest differences in performance under different 
voltage conditions. Except for the load losses, the 
efficiencies of the two types of converter can be ac- 
curately compared by comparing the separate measur¬ 
able losses. I am not claiming any extreme accuracy 
for these input-output tests. I have said so much, on 
former occasions, about the difficulty of making such 
tests, and these difficulties are still with us, that I 
cannot take any other position now; but I will show 
we have been as careful as possible in making these 
tests to get accurate and reliable results, and that the 
results of the various tests are quite consistent. The 
machine used was a 6000-ampere, 60-cycle, 260-volt 
booster converter having a voltage range of 230 to 
290 volts. ^ The unit is large enough to be typical of 
those used in Edison service without being too large for 
careful factory testing. The input-output test methods 
used, while not new, comprised all of the details and 

methods, and personnel 
foff. fithy expenence to be essential in 
w ^hS'i^cter. The a-c. power was measured 

by three single-phase_wattmeters and also by one polv- 

PO’^er was measured 
by two^sets of d-c. voltmeters and ammeters with 
independent shunts. A specially trained force of 

Sfoff 3.11 meters were thoroughly 

shielded; four groups of 15 readings each were taken 
for each load, each ^oup with different meter position^ 
and special precautions were taken to avoid including 
any readings dimng which the slightest change of 
oad occurred. Teste of this character are stffctlv 
laboratory tests, costing from one to two dollars ner 
machme kw. m addition to tying up a JLrpSof a 
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manufacturers test equipment. Although not feasible 
on commercial^ circuits, the use of laboratory input- 
output tests is justified on the manufacturers part when 
it represents the only method whereby comparative 
data can be obtained on certain operating conditions 
in machines. 

The curve (Fig. 1) shows the difference between the 



Fig. 1—Input-Output Efficiency Tests 
6000-Ainpere, 290-260~230-Volt Booster Converter. Tests at 260 A^olts. 


calculated separate-loss efSciency and the input-output 
efficiency for the condition of no buck and no boost, 
that is, with the booster unexcited, and with a normal 



Fig. 2—Input-output Efficiency Tests 
Same machine as Fig. 1. Bucking to 230 volts. 


voltage of the converter of 260 volts. At full load the 
separate loss efficiency is 95.75. The observed input- 
output efficiency at full load is 94.95 giving a load loss 
of 0.8 of one per cent. You will notice that the separate 
loss efficiency continues to increase slightly at 1.25 
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toad, but the input-output efficiency falls off perceptibly 
being 94.55 at the overload. This point is of consider¬ 
able importance in considering the change from nominal 
and overload ratings to single load ratings. Current 
densities cannot be materially increased without 
increasing the load tosses in much greater ratio. 

curve (Fig. 2) shows the bucking condition, with 
230 volts; that is, bucking 30 volts or roughly 12 per 
Ci^t below the mid-voltage. Here the difference in 
efficiency at full load is 95.25 to 94.55 or 0.70 per cent 
which^ is practically the same as at full load. 

The curve (Fig. 3) shows the contrary condition of 30 
volts boosting, or 290 volts. Under this condition, the 
efficiency is 95.55 and the input-output 
enkiency is 94.6, giving a load loss of 0.95. 

You will notice under the three voltage conditions 
and at full loaa, the load loss is substantially the same 
in per cent, 0.8, 0.70 and 0.95. It is slightly less at the 



Fig. 3—Input-Output Efficiency Tests 

Same macliine as .Fig. 1. Boosting to 290 volts. 

bucking condition and slightly more at the boosting 
condition than at the mid voltage. 

This small variation in load loss with wide variations 
in voltage disposes of the supposition that the efficiency 
of the booster converter is several per cent lower than 
the efficiency of the field controlled converter because 
of load losses. If load losses are eliminated as a cause 
of low efficiency there remain only losses that can be 
directly measured and about which there is no un¬ 
certainty. These other losses account for about one 
half per cent efficiency in favor of the simple converter 
due to the absence of the booster losses. To offset 
this there will be increased losses in transformers and 
lines due to the lower power factor of the field controlled 
converter. 
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This same booster converter was used to obtain an 
approximation of the load losses at a power factor 
corresponding to the minimum power factor of the field 
controlled converter. The converter was operated at 
mid voltage, 260 volts, with the booster unexcited, but 
with the converter field adjusted to give 30 per cent 
wattless current, leading. This does not give the same 
condition as when the booster is entirely absent but 
the results approximate this condition since the booster 
ai*mature reactance is low. Fig. 4 shows the separate 
loss and input-output efficiency under this condition 
of low power factor. The efficiency, at full load, is 
95.6 per cent by separate losses and 94.3 per cent by 
input-output, resulting in load losses of 1.3 per cent. 
This value would be reduced somewhat if the booster 
armature were absent but it is reasonable to assume 



Fig. 4—Input-output Efficiency Tests 
Same machine as Fig. 1, Mid-voltage 30 Per cent Wattless Leading. 


that the load losses would still be several tenths of a 
per cent above the load losses of the simple converter 
operating at unity power factor and, in fact, above the 
load losses of the booster converter at mid voltage and 
unity power factor. This test shows that operation at 
95 per cent power factor (30 per cent wattless current) 
corresponding with a 5 per cent increase in voltage 
results in a greater increase in load losses than does 
the addition of the booster for a 12 per cent increase in 
voltage. 

I think the conclusions that one can safely draw 
from these tests are as follows: 

First, that the efficiency oi the booster converter 
is not necessarily or inherently lower than the efficiency 
of the simple converter operated at low power factor. 
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Of coui'se, individual compaiisons could show that 
result, but I do not think that we can draw a general 
conclusion that lower efficiency is an inherent character¬ 
istic of the booster type. There is nothing in the size 
01 the losses or the different losses existing in the two 
types, to account for any important difference, and this 
test made on a large modern machine bears this oiff. _ 

Second, in the particular machine tested, the effici¬ 
ency of the booster converter throughout a 60-volt 
range is, on the average, as high as the simple converter 
when operated through a range of half this voltage. 
Compared on the basis of the same voltage range, the 
synchronous booster converter would have a higher 
average efficiency and with the increased loss in the 
high-tension distributing circuit, due to the greater 
wattless current in the case of the field control con¬ 
verter, this comparison would be still more favorable 
to the booster synchronous converter. 

Third, the percentage load losses is fairly constant 
throughout the entire voltage range and is of the order 
of one per cent. 

This is interesting, because we have very little 
available data from actual tests on load losses m con¬ 
verters;—some years ago when the subject of load 
losses was quite thoroughly discussed in the Institute, 
considerable data were presented concerning alterna¬ 
ting-current generators and direct-current generators, 
but practically nothing was available concerning con¬ 
verters of any type. \ ^ j 

A. M. Garrett: With reference to the field- 
controlled converter from an operating standpoint, can 
this type of unit be applied to a transmission system 
having in some of its lines a power factor of relatively 
low value. That is, for example, we may have a group 
of parallel lines working at 70 per cent power factor or 
lower, and the converter may further reduce the capac¬ 
ity of these lines and necessitate investment of ad¬ 
ditional lines, unless some means can. be devised 
whereby the performance would always compensate and 
improve the power factor conditions. 

If this type of unit can operate successfully with the 
present type now in service, and parallel with them on 
the alternating and direct-current side, I can see no 
reason why the field-control converter cannot be used 
on an Edison network having high load density and 
narrow pressure range. The efficiency then, it would 
seem, would be the main determining factor. _ 

With reference to the automatic substation, the 
creation of new load centers is based solely on existing 
distribution losses. The saving of these losses is_ in 
the, same amount, regardless of whether the substation 
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is manual or automatic. A saving in current losses 
can be made, however, with automatic operation in¬ 
case of a special customer that otherwise would re¬ 
quire long feeders from the existing system. 

In the case of the automatic control, the wages of 
operators are eliminated, but the cost of inspection must 
be considered. Building maintenance charge per 
unit are the same in either type. The maintenance 
charges for the major apparatus in the substation are 
likewise the same for either class. We have an ad¬ 
ditional maintenance charge for the automatic features 
and fixed charges on additional investment to cover 
the cost of automatic apparatus, which at present 
practise will be equal, approximately, to one-third of 
the total cost of plant installation. 

I might say that automatic apparatus at present 
costs somewhere between $35,000 and $40,000, say, 
$35,000. It would seem that from these figures there 
is not the saving in automatic operation as shown in the 
paper. If we have a number of automatic substations 
properly placed, it would be a very valuable feature in 
the restoration of service if these converters could be 
controlled from some central point, and bring them 
up at the same rate, rather than having the present 
t 3 q)e of multiple acceleration and starting. 

Raymond Bailey: The authors’ reference to al¬ 
ternating-current starting is of particular interest to all 
of us. They refer both to low-tension and high-tension 
starting and of the different methods of high-tension 
starting have named three; series-multiple, extended 
primary, and Y-delta. 

It would seem that the series-multiple connection 
would not be of general application because it is of 
particular value only where the source of energy supply 
is two phase, and there are not many instances of this. 

The extended primary winding method of starting 
involves extra cost for the transformers and is adaptable 
when provided with reactors for switching under load, 
but up to the present time there has not been a real 
demand for switching converters under load [conditions 

In Philadelphia about four months agq a 3315-_kw. 
synchronous booster converter was put in operation, 
makiug use of Y-delta starting which we believe is the 
first use of this method of starting converters. The 
results obtained have been very satisfactory. _ _ 

The use of high-tension starting greatly simplifies 
the low-tension copper work, and makes the inter¬ 
leaving of these conductors possible without any ^eat 
complication. The low-tension conductors can be of 
short length and when inter-leaved properly, give very 
little reactive voltage drop. 
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In the particular instance referred to above, the 
starting and running switches are electrically and 
mechanically interlocked, so that the operator cannot 
close the running switch unless the starting switch has 
been closed first, and when closing the running switch 
the starting switch is tripped automatically just before 
the running switch closes. This arrangement fixes 
the time between opening of the starting switch and the 
closing of the running switch, and it cannot be changed 
either intentionally or unintentionally by the operator. 
This arrangement simplifies the starting process and 
consequently does much to prevent trouble. 

The cost of the installation for high-tension starting 
is considerably less than for low-tension starting and in 
this particular case, it is estimated that the saving is 
about 50 per cent. 

It is a good plan to have provision for readily re¬ 
energizing any part or all of the Edison network, should 
an interruption to service occur. One possible way of 
accomplishing this is by bringing the network voltage 
up to a, certain point by means of a number of converters 
operating on the starting tap, and then raising the voltage 
from that point to normal by means of converters opera¬ 
ting on the running tap. High-tension starting links in 
very well with an arrangement of this sort both on 
account of simplicity of operation and because the 
transformer neutrals used to obtain three-wire d-c. 
service can be of connected before the converter is 
first thrown on the line on the starting tap, and remain 
closed during the entire process of re-energizing, thus 
preventing possible serious effects from unbalance. 

_ I have a question in connection with the commuta¬ 
tion of the field-control type converter which I would 
like to ask Mr. Barton. The statement is made in 
the paper presented this evening that the commutation 
control is obtained from the main field rheostat as the 
amount of correction to the commutating-pole field 
strength is proportional to the strength of the main 
field. I would like to ask what commutation conditions 
would be expected with this type of converter carrying 
an overload when the voltage of the a-c. supply is 
somewhat below normal which it may be required to 
do under abnormal conditions or when carrying rated 
load, operating on the starting connection ? 

Philip Torchio: Speaking from the standpoint of 
the operating man, as Mr. Lamme pointed out, the 
first time we started to operate rotary converters was 
by means of field control. We had purchased induction 
regulators but there was some question of patent 
rights involved, or perhaps the manufacturer did not 
know how to design them, so that we did not get the 
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induction regulators, and the manufacturers sent _U5 
instead some external reactors to put in series with 
the circuit. They operated in a satisfactory way. We 
liked them because they offered a simple method of 
operation of rotary converters. 

Then came the induction regulator. That was also 
satisfactory to the operators, but it gave a lot of trouble 
to the engineers, due to mechanical weakness of the 
quadrants in withstanding sudden overloads. 

Then one day a salesman of one of the manufacturers 
came around and said they had a new idea—that they 
had designed a synchronous booster-converter, so we 
took it up and bought the new thing, and incidentally, a 
couple of weeks afterwards, I received a pamphlet from 
abroad, giving an illustration of an installation of four 
synchronous rotary converters that had been in service 
for a year or two; I turned it over with the contract 
to the salesman and said, “You make them at least as 
good as these.” We never tried the split-pole field 
control, as we were entirely satisfied with the syn¬ 
chronous booster-converter, and to a very large extent 
our installations in the last fifteen years have been ot 
that type, but some time later came along another 
salesman who wanted to sell us a dynamotor. We made 
many tests on a trial machine and finalty we came to 
the conclusion that it was about as efficient as the 
synchronous booster-converter and required less total 

floor space. „ _, ^ , , 

Then came back our old type field-control converter 
and in large systems I think it fits in because with 5 
per cent regulation up and down, we can meet all the 
conditions of operations on certain buses. This type oi 
converter, as Mr. Barton has said, is more economical 
in first cost, occupies less space, and is quite desirable 


for installation. 

We have now submitted for consideration the syn¬ 
chronous motor-generator. I looked over this diagram 
last night, and after carefully smoking my pipe, I 
said “It is all right. It looks more_formidable than it 
really is.” Many of the elements in the diagram are 
small things than can somewhere be taken care of in 
the station and I came to the conclusmn that the whole 
thing seems very promising and desirable, it is the 
most valuable contribution I have seen lately for 
installations in Edison systems. 

I heard of this synchronous motor-generator before, 
but I am very glad to have Mr. Barton’s contribution 
in such a complete form, so that we can study itlmore 
in detail: undoubtedly it will be of great value to many 
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to one statement which he makes, and which may have 
an unfavorable influence on young engineers. Qn 
page 689 he states: '^The motor-generator with such 
diaracteristics will give continuity of service on an 
Edison system equal to that of the generating system 
supplying the power. The motor-generator, therefore, 
supplements the storage battery and can be used to 
reduce the amount of battery capacity required to give 
a system protection against a momentary interruption 
of the a-c. supply.'" 

The authors start off frorn the legitimate premises 
that the a-c. supply may be interrupted, but they also 
imply that there may be an interruption of d-c. supply 
and, therefore, if they take that liberty in allowing such 
an interruption, then they conclude that the motor- 
generator replaces the storage battery. 

Now that is not a fact. It may be that we place 
our standard of service too high, but we still stick to 
that standard that we have been educated in, in the 
past, and we want to live up to today, never to dis¬ 
continue the serviceythere must not ever be any 
momentary interruptions to the customers' supply. 
We do not say we will never fail, but we will attempt 
to keep that aim as a standard. N e cannot, therefore, 
admit that there is going to be an interruption of ser¬ 
vice in the d-c. customers' supply, if the a-c. supply 
momentarily fails. We think that our customs's, 
particularly in the large Metropolitan district, are 
TOlling to pay the additional small extra charge for 
having the insurance that they may receive absolute 
continuity of service. Their important requirements 
mil not allow any other treatment of the matter. 
We may not even consider failure of service permissible 
11 at all preventable, within reasonable limits of cost. 

Our practise in laying out our plants is to supply 
every substation with a-c. power from at least two 
independent generating stations, so that with the failure 
of one generating station, no substation will be totally 
primary power. In addition, in every 
substation, we aim to install storage battery capacity 
sumcient to carry the maximum load for a period of 
approximately eight or ten minutes. 

With such a plan of at least two independent power 
sources, supplied through independent routes of high- 
tension cables and with standby storage batteries able 
to carry approximately the total maximum load for a 
period of eight or ten minutes, we aim to insure con- 
pnuity of operation of the substation and of service 
to all of our customers. 

_ We have had, in my recollection, at least five total 
interruptions of one or another generating station, and 
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in no case were the rotary converters, which were 
operated on the other system,_ affected, and all con¬ 
tinued to render service which, in conjunction with the 
storage batteries, created such a condition that it was 
hardly noticeable to customers that we had one main 
generating station shut down. _ • it. 

Also it is our experience that in no case, in these 
five plant shutdowns, did we fail inside of five minutes— 
usually I should say inside of one minute—to have the 
voltage on the buses or part of the buses of the affected 
station available to deliver service; so that the ^stem 
operator could signal to connect to the unaffected 
portion of the generating station rotary converters to 
pick up loads and relieve the storage batteries. 

By these means we have been _ successful on all 
occasions in keeping the substations in operation under 
all conditions. So I am a little disturbed to see that 
possibly young engineers who probably have not h'^^sd 
with the old Edison standards of service should adopt 
this view of lowering the standard of continuity of 
service which I do not think the industry, as far as i 
know, is ready to accept. It may be that this lower 
standard may apply to small Edison systems, but 
certainly it does not apply to any large Edison systems 


in this country. . , , ,, -vt- i 

Selby Haar: The question that Mr. Nims asked 
a short time ago recalled to my mind an expenence I 
had—nearly fifteen years ago—^with a cascade con¬ 
verter or motor converter. It was a 60-cycle macnine, • 
because, as I recall it now, it was intended to overcome 
the objection at that time to the 60-cycle rotary con¬ 
verter; the development of a satisfactory 60-cycle 
rotary converter destroyedthe need for the ™ore 
expensive machine. In addition to the fact that the 
field of this, machine disappeared, there was also 
difficulty in operating it, due to the fact that, as Mr,. 
Nims said, the transformer is an induction motor opera¬ 
ting considerably below synchronism, and the difficulty 
was in preventing the motor from approaching syn¬ 
chronism, or viewing it with the operating speed as a 
basis, we might say, running away. 

H. C. Albrecht ; In the two largest Edison systems 
in this country, New York and Chicago, the energy 
for practically all of the converting apparatus is 
supplied at 25 cycles. I will discuss the jstmn of 
measurement and control of power f^-ctor of t>ooster 
converters, particularly from the standpoint J^e 
operator of the Edison system supplied with energy 
at 60 cycles, as in Philadelphia. _ 

It has been the general practise throughout the 
country to measure power factor of both 25 ana bu- 
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converters irom a power factor meter connected 
to the high-tension side of the transformer supplying 
the converter. The general practise has also blen to 
operate eonvertere with power factor, measured in the 
described, maintained at or very near to unity, 
ihe measurement and control of power factor of 
booster converters, because of inherent charactemstics, 
cfrt importance, and this is particularly 

bo with 60-cycle apparatus for reasons to be outlined'. 

J:'9wer factor has usually been measured on the high- 
tension side of supply transformer, because of the dif- 

^ f especially with 

units of very large capacity. The installation of cur¬ 
rent transformers in the low-tension leads between 
supply transformers and converter collector rino-s 
presents construction difficulties, particularly with 
60-cycle equipment, where increased spacings necessary 
between the conductors would materially increase the 
reactance, which is undesirable. 

I desire to strongly recommend the operation of 
booster converters so as to maintain approximately 
unity power factor in_ the converter armature itself 
rather than m the high-tension supply circuit, par- 
^ 60-cycle equipment, where reactance of 
transformers, leads and boosters are usually higher 
iwL 25-cycIe equipment. Mr. Barton, ^for 

Ji fn lt particularly 

at 60 cycles the total reactance is so great that the 

.converter armature itself may have to operate at as low 
PO'^er factor leading if unity is to be 
high-tension side of the transformer. 

. ine slight gam in maintaining unity power factor 
in the supply circuit, froin a transmission standpoint 
is much overbalanced by the increased loss and greatly 
increased heating in some parts of the converter arma- 
ivf 7 <i of one instance in which a slight error 
m the leading direction in the power factor meter 
,^^°?^®oted to the high-tension supply circuit) coupled 

Ther-P ? conditions of high reactaSceT 

60-cycle converter armature was burned 

In Iffiiladelphia we have decided to operate booster 
^ unity power factor in the actual 
converter armature as is possible and to obtain a more 

Sfe- measimng power factor. In ow 

mstallations, it is the practise to split up and interleave 
S i-f compnsmg the leads of each phase, so 

m Jp to a minimum. This has 

’i^^^fhation of current transformers in these 
leads practically impossible. Power factor is, there- 
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fore, being measured by using current from series 
transformers in the high-tension supply circuit, and 
potential from the converter collector rings. This 
miminates the effect of transformer and lead reactance. 
The effects of booster reactance and transformer ex¬ 
citing currents are calculated and largely compensated 
for by a shifting of the meter scale. 

Means of measuring power factor more accurately 
than with the ^ ordinary power factor meter were 
carefully looked into and a wattless kv-a. meter opera¬ 
ting on the watt meter principle has now been adopted, 
because of its greater accuracy and is in use on practic¬ 
ally all of our booster-converters. 

I do not care to enter into the question of design as 
to whether the 60-cycle booster-converter character¬ 
istics, mentioned by Mr. Barton in his paper, are most 
desirable. It is certainly ^ true, however, that the 
necessity for careful operation and accurate measure¬ 
ment to maintain armature power factor close to unity 
is not as great in.a design involving reactances and 
exciting currents lower than the figures stated in the 
paper. 

D. W. Roper: The comparisons of the several 
types of rotaries set forth by the authors are partic¬ 
ularly interesting but it is noted that no mention is 
made of their relative synchronizing power. This is 
one of the most important items in the behavior of a 
rotary converter under operating conditions. 

^ Some years ago when the Commonwealth Edison 
Company was making some tests on switches and 
reactors, an opportunity was afforded to make some 
tests on the relative synchronizing power of different 
types of rotaries under identical conditions. Three 
rotaries were used in this test, one each of the split- 
pole, the induction-regulator and the synchronous- 
booster types, all of 1000-kw. capacity and with 
identical overload relay settings. They were connected 
to a 12,000-kw. generator operating at normal voltage 
and then artificial short circuits were made on the bus 
at the generating station. These tests show that the 
split-pole type of rotary was the most sensitive, the 
induction-regulator type next, and the synchronous- 
booster type third, that is, the latter type had the 
greatest synchronising power. It will be very in¬ 
teresting if the authors of the paper could locate the 
new type of rotary on this scale of sensitivity. 

The question of the behavior of rotaries at times of a 
complete interruption has been raised, and the authors 
have inquired the desirable qualifications of a rotary 
to meet these conditions. The requirements will 
probably vary for different systems according to their 







710 CONVERSION APPARATUS [Mar. 11 

design and their methods of operation. Some differ¬ 
ences in the statement of the requirements will also 
be found among the engineers of the same company due 
to their different points of view and the differing weight 
which they ascribe to various factors. In Chicago 
during the course of twenty-five years there has been 
no complete interruption of the Edison 3-wire system 
of distribution, but there have been two or three cases 
where a portion of the downtown district was cut off 
from the remainder and was dead for several minutes, 
but in each of these cases the surrounding substations 
remained in service and continued to supply current 
at approximately normal voltage to the remainder of 
the system. In each case the system was restored 
to normal operation by starting up a number of rotaries 
in each of the substations and simultaneously connect¬ 
ing them to the load. In some cases this has been done 
by disconnecting the battery from the system after 
it had been about discharged, and using the battery 
for starting the rotary. Owing to the comparatively 
small amount of current required for starting the 
rotary, the battery would be available for this purpose 
even when it exerted no perceptible influence in carry¬ 
ing the load. In some of the substations there is one 
rotary arranged to start from the a-c. side, and in 
such instances this rotary is started first and supplies 
the _ direct current for stating the remainder. By 
having at least o_ne_ rotary in each substation arranged 
for a-c. starting it is always feasible to resume service 
very promptly following an interruption if there is an 
interrupted supply of primary alternating current, and 
this is one of the points to which the larger Edison 
companies are paying the most attention. If the 
transmission system is laid out so that each substation 
has a supply from more than one generating station or 
from more than one section of the bus in a large genera¬ 
ting station, then the chances for an entire interruption 
of the Edison 3-wire system are rather remote. 

T, T. Hambleton: Mr. Nims has questioned why 
the motor converter is not used on the American 
Continent. The action of this machine is a mixture 
of d-c. generator and synchronous converter action, 
and as might be expected, it falls between these two 
types, both on the score of efficiency and cost. It 
has the disadvantage that the induction motor reac¬ 
tance and exciting current are both large as compared 
to that of the synchronous converter and its transfor¬ 
mers. 

Since the induction motor at a fixed rotor speed is a 
transformer having one definite ratio the d-c. voltage 
of the motor converter is fixed, except in so far as it 
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can be changed by the action of reactive current on 
the induction motor reactance. It, therefore, has the 
same voltage range limits as the simple field controlled 
converter. Since it has no marked advantages over 
the types in general use, it has never displaced them. 

Mr. Newbury has expressed the opinion that there 
may occur misunderstandings of the comparison of 
characteristics of the field controlled and synchronous 
booster converter, as presented in the original paper. 
He has himself misunderstood the term “booster reac¬ 
tance voltage” as used in this paper. The total quad¬ 
rature or reactance voltage set up in any alternator is 
often called the “synchronous reactance” voltage. 
This “synchronous reactance” includes the pure “slot 
and tooth tip leakage” which varies in different designs 
from 15 per cent to 30 per cent referred to the rated- 
voltage and includes also additional flux set up in 
the poles by the m. m. f. of the armature current. 
This total “synchronous reactance” as determined from 
the “ssmchronous impedance”, or sustained short- 
circuit current of the average alternator is approxi¬ 
mately 100 per cent. The m. m. f. is due to reactive 
current and acts along the axis of the poles. 

In' this respect the average design of booster is 
a normal alternator. The conditions are somewhat 
different when the booster is carrying full energy at 
the neutral voltage. The m. m. f. of the armature 
acts between the poles. This reduces the synchronous 
reactance to 65 per cent .or 70 per cent of the booster 
voltage, or 10 per cent of the converter voltage, as 
stated in the original paper. This quantity has been 
measured directly on several different sizes of booster 
converters, which were provided with an auxiliary 
collector ring connected to a point between the booster 
and converter armature windings. 

In so far as the knowledge of the writers extend, it 
may be stated that synchronous boosters made by the 
various manufacturers in this country are of similar 
design using either 9 or 12 slots per pole with one 
coil per slot in the armature. Therefore, the charac¬ 
teristics described in the original paper apply with 
fair accuracy to all booster converters now in operation. 
Exception must be taken to the opinion that modifi¬ 
cation be made in characteristics based on the booster 
“quadrature” voltage being 10 per cent of the con¬ 
verter voltage. 

A question has been raised as to the fairness of com¬ 
paring the booster converter adjusted for unity power 
factor at the primary with the field controlled con¬ 
verter which must of necessity depart from unity into 
both lead and lag at the primary. 
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It is a fact that some operating companies do hold 
unity power factor at the primary of transformer of 
their booster converters. It would seem to be per¬ 
fectly fair to show what this condition means, particu¬ 
larly in view of the fact that Fig. 6, shows also the 
performance of the booster converter with unity 
power factor at the collector rings and in the con¬ 
verter armature itself. 

Again, there is questioned the propriety of coniparing 
the 5 per cent field controlled converter with the, 
15 per cent booster type, whereas the average range is 
about 12 per cent. A 15 per cent range (230/310) is 
not an uncommon requirement, so it would seem proper 
to show this extreme. It should be noted that Figs. 3, 
4 and 6 compare the armature copper losses in the two 
types of converters, and further, that this loss depends 
only on the actual range at which the booster is operating 
and not on its potential range. These curves may, 
therefore, be interpreted for a booster of any range 
less than 15 per cent. It should be further noted that 
Fig. 10 compares the efficiency performance (by actual 
input-output) of an eleven per cent (240/300-volt) 
booster converter with a 5 per cent (260/285) field 
control converter. , . i ^ • 

These two converters are almost identical in design 
and afford an excellent comparison of the two types. 
The pure ohmic loss in the booster armature approxi¬ 
mate ^ per cent. The actual copper loss due to eddy 
currents will be approximately 1 per cent. The 
magnetic field set up by the armature at the neutral 
voltage contains a large third harmonic and causes 
considerable core loss which may amount to Yi per 
cent. This accounts for a difference in efficiency of 
1 Yi per cent at the neutral voltage. 

Mr. Newbury in comparing the efficiency of these 
two t 3 q)es has attempted to use a booster machine for 
field control. The booster in this case is still a booster 
which has its fields excited by means of reactive current 
in its armature instead of current in its field coils. ^ The 
machine is then burdened with all the losses incident 
to the action of the booster as such and in addition¬ 
al! the losses associated with field control. It seems 
evident, therefore, that such a test does not show the 
relation of losses in the two types of converters and 
that any general conclusion based on such tests does 

not hold. ^ 1 . 1 -T. 

Mr. Garret has raised a question as to the advisability 
of using the field control converter on low power 
factor lines. If voltage variations are small enough to 
permit, a transformer tap could be selected, to pernait 
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this t37pe of converter to operate at unity or slightly 
leading power factor. 

Mr. Bailey questions the effect of low voltage on the 
commutation of the field control converter. If it 
were not for saturation a change of voltage would 
reduce both the reactive current and auxiliary field 
current in the same proportion and have no effect 
on commutation. The saturation effect will not be 
sufficiently serious to affect commutation for the dura¬ 
tion of such low voltage emergencies. This type of 
machine should commutate its maximum load success¬ 
fully at 95 per cent power factor without any auxiliary 
comniutating field compensation. Its behavior at 
low voltage will at the very least be as good as that of 
the booster-type. 

Mr. Roper mentions the synchronizing power of 
different tjq)es of converters. This is a term which 
in general is rather loosely used. A more accurate 
expression is —“synchronizing constant” which may 
be defined as the ratio of synchronizing torque per 
degree of armature displacement to the moment of 
inertia of the armature. This constant is a measure 
of the ability of any synchronous machine to hold in 
step with its supply voltage. Since the supply voltage 
is affected by the line, reactance and resistance, stability 
is' determined by all these factors. The total effective 
reactance between the converter armature and the 
primary is approximately the same for either the field 
control or synchronous converter; they will have 
equal synchronizing ability, if the armatures have the 
same design proportions. 

T. F. Barton: Answering Mr. Nims on the merits 
of the motor converter I would say that such a machine 
has been used abroad considerably, and has been built 
for use in this country, but the need of such a machine 
has never existed with the 60-cycle converter developed 
to give as successful operation as it does today. 

There may come a time when the motor-converter 
wilThave a place, but at present, it cannot be justified 
on the score of cost, efficiency and other considerations, 
which usually come in to determine the type of machine 
selected. 

Mr. Newbury brings out some very interesting points. 
It may be that we have been misunderstood in our ref¬ 
erence to the values of booster reactance. The reactance 
drop in 25 and 60-cycle boosters with which I am dealing 
is about the same. The drop referred to totals the 
leakage reactance and the armature reaction. Re¬ 
moving the field structure of the booster will reduce 
the voltage drop across the booster armature for a given 
current to approximately one-half value. 
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The efficiencies presented by Mr. Newbury apply 
to the modifiejl booster converter described in the paper, 
and the efficiencies are what might be expected for 
such a combination. 

Data given by the curves in the paper comparing 
the two types of machines are simply to show, as nearly 
as we can, the relations of the several factors in each 
type of unit, and are arranged to show plus and minus 
5 per cent selected for one type and plus and minus 15 
per cent for the other. These values are about right 
for each type, and since complete data are given a 
comparison can be made at any desired voltage range 
requirement. No specific mention is made of com¬ 
parisons at 15 per cent as against five per cent. 

Mr Garrett brings up the question of power factor 
on the high-tension line. It is a very important con¬ 
sideration, and to best meet this requirement the trans¬ 
former high-voltage winding is provided with taps 
to give 95 per cent leading at the converter collector 
rings at full load, and maximum voltage (about unity 
power factor on high-voltage line). The inherent 
relations are such that for any other load or voltage 
within the designed range of the machine the current 
in the high-voltage line will not exceed the unity power 
factor current at maximum output of converter. 

Mr. Bailey spoke of changing transformer connections 
with the converter loaded on d-c. end. One of the 
possible limitations of the field control converter is 
its more limited voltage range for restoring service. 
However, if the transformer is arranged with an ex¬ 
tended high-voltage winding and suitable switch gear 
for changing connections under load, the field control 
type is more suitable than the booster type for switching 
under load. 

A converter will operate successfully over a wide 
range in voltage and the determining factor in switch¬ 
ing from one transformer connection to another is paral¬ 
lel operation on the d-c. end. If a substation contains 
a single unit the voltage steps can be large, provided 
the resistance of the tie to the neighboring stations 
is not too low. For more than one unit connecting 
to a common bus the voltage steps must be small to 
prevent abnormal shifting of load among the machines. 

In regard to overload commutation at times of low 
a-c. voltage, I think there would be no bad effects unless 
unstable operation resulted, which would be at a very 
low point. 

With self-excitation the power factor of the con¬ 
verter will not vary greatly as the a-c. voltage varies, 
so that the relation of auxiliary commutating field and 
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reactive current will not be changed enough to seriously 
effect commutation. 

I certainly appreciate what Mr. Torchio had to 
say on the operation of d-c. systems. It helps a lot in 
studying the situation to he met. It lays down certain 
requirements that determine, to some extent, at least, 
the operating characteristics of the machines. 

The storage battery is the logical standby service 
for an Edison system. If there is complete interrup¬ 
tion of power the storage battery alone is available 
to carry the system. The situation I wish to call 
attention to is (on 60-cycle systems, at least,) that the 
great majority of disturbances that finally get into 
the d-c. system are caused by disturbances on the a-c. 
distribution. One operating company will report 
very little difference between the performance of the 
S3mchronous converter and the motor-generator set. 
Another will report that the motor-generator set is 
very much better. The next one will report that the 
converter is better;-and the fact that I want to get 
before the Institute is that in the motor-generator 
set the motor can be designed to withstand sudden 
changes in frequency and voltage, and the voltage 
can be entirely removed for a very short time, due to 
switch operation, etc., and then restored to the machine, 
which will immediately come back into step, and give 
such output as it is capable of delivering, whereas 
in the case of the converter it would be thrown off the 
line, and considerable time would be required in re¬ 
synchronizing. 

I thiT^k it is more important to get the alternating- 
current end of the motor generator right for systein 
operation than it is the direct current, and the principal 
effect in load limiting, on the d-c. end, is during times 
of trouble when other types of machines tnp oft. 
Such a generator remains^ connected to rnaintam such 
substation voltage as conditions allow, until the effected 
generators can be rearranged, and normal conditions 
more or less restored. . 

On systems where one generating station supplies 
all the power, and where there may be an outage 
beyond eight or ten minutes, there is the problem of 
restoring the Edison system, and in this connection I 
want consideration given to the actuaTrequirements 
of machines. We have thought at tirnes that _ all 
machines should be required to meet this situatmn. 
In some systems the a-c. supply is only the Edison 
system, so that the a-c. voltage can be controlled 
and that is a desirable feature. In most systems, 
however, other load is supplied so that the a-c. voltage 
must be made normal as soon as possible, leaving it 
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up to the conversion apparatus, to meet the voltage 
requirements. 

Mr. Albrecht brings up the point of 60-cycle con¬ 
verters, and some of the things I have said in answer 
to Mr. Newbury will apply to transformer reactance, 
etc. The converter should be operated within the 
power limits for which it is designed, and when exceeded 
the chance of trouble increases very fast. 

There is one advantage in operating synchronous 
booster converters at unity power factor at the arma¬ 
ture, and that is under certain conditions of load and 
voltage, the d-;c. excitation of the booster is working 
against a reactive current, which would exist if holding 
unity at the high tension of the transformer. For 
instance, if bucking the voltage, and unity power 
factor is held at the high tension, there results leading 
current on the converter, tending to raise the voltage. 

With regard to Mr. Roper’s remarks concerning 
synchronizing torque, I think this will vary among 
machines, depending on the individual designs, and 
we have not yet tested and placed the field control 
converter on the list, but I am inclined to believe it 
would be as stable or more stable than the others, 
and I do not see why it should be less so. During 
disturbance the machine least apt to go off is the machine 
which has the broader regulation. The field control 
converter has a broader regulation than any of the 
other conventional types, and therefore, for any dis¬ 
turbance, there is the least amount of load change, 
and therefore, the least disturbing factor. 
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T he PITTSBURGH district is the foremost steel- 
producing and manufacturing centre in this 
country. Steel plants with their furnaces and 
mills line the river banks for miles from the center 
of the city. Associated industries, attracted by an 
abundance of natural resources, adequate transporta¬ 
tion facilities, ample labor supply, and proximity to 
markets for their products, have rapidly come into 
the adjacent territory. Growth during the war period 
was extensive, and the district as a whole has been 
busy since hostilities ended. Today, the Pittsburgh 
district may be fairly called the workshop of the world. 

By 1912, central station facilities in the Pittsburgh 
district had become inadequate to meet the require¬ 
ments of the rapidly growing industrial demand. 
The Allegheny County Light Company and other 
companies, owning and operating a number of small 
properties, were consolidated with the Duquesne 
Light Company. A steam-generating station pre¬ 
viously built on Brunot’s Island in the Ohio River 
below the city was considerably enlarged and the 
foundation laid for a comprehensive distribution 
system. 

By an agreement with the West Penn Power Com¬ 
pany and with the approval of the Pennsylvania 
Public Service Commission, a definite division 
of the territory served by the two companies was 
effected. The Duquesne Light Company, through 
this arrangement, serves the two counties—Allegheny 
and Beaver—with an area of 1154 square miles and 
a population of about one million and a quarter. 
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A power station which will utilize, for condensing purposes, the entire mIrtiTnmn flow of the Allegheny River in 
300,000 kw. of turbo-generators housed in a building 830 feet long. 
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In 1913, the first year after the formation of the 
new company, the energy output was 283,000,000 
kw-hr. In recent years, the output has shown an 
average annual growth of about 15 per cent. Last 
year, the peak, which was somewhat affected by the 
curtailment of business, was 162,500 kw.; the energy 
output 805,000,000, kw-hr. giving a yearly load factor 
of 57 per cent. 

Previous to 1921, power was generated at the Bru- 
not's Island station of 120,000 kw. capacity and at 
six other plants, varying from 2000 to 17,000 kw. in 
rating. The total generating capacity safely available 
from all of these sources under maximum conditions 
is 160,000 kw. 

In anticipation of the need of increased capacity, 
a site for a new power plant had been purchased. 
The location selected is on the Allegheny River about 
15 miles from the center of Pittsburgh and only a 
mile distant from the Harwich mine. This mine 
and the private railroad from it to the power station 
are owned by interests affiliated with the Duquesne 
Light Company. 

Actual construction of the new plant, known as 
the Colfax Power Station, was begim in September 
1919, and the station was officially opened for service 
on December 18th, 1920. Transmission line and 
substation construction was in progress during the 
same period. 

Duplicate 66,000-volt transmission circuits completely 
surround the city, forming an electric belt locally 
known as “The Duquesne Ring.” The Brunot’s 
Island and Colfax plants are almost diametrically 
opposite each other in this ring. Substations located 
at intermediate points and fed from either or both 
generating stations supply radial 22,000- and 11,000- 
volt feeders, which, in turn serve other substations 
and consumers within the indiistrial district. 

In the design of the Colfax plant four major con¬ 
siderations have been kept in view; first, to plan 
for the largest development which is economical 
at the site chosen; second, to produce a plant which 
will generate power at the lowest unit cost, including 
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Colfax Power Station—The First Step 

A building for two 60,000-Jfw. units. The standard gage railroad entering the northwest corner of the building brings in the coal, and 66,000- 
volt cables descending from the roof to the steel structm-e at the west end of the building take the electric energy away. 
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fixed charges, permitted by the state of the art; third, 
to obtain the maximum reliability practicable, and 
fourth, to adopt simplicity of design as a fundamental 
policy. 

The flow of the Allegheny River, upon which the 
plant depends for condensing water, is found to furnish 
a natural limitation to the capacity which may be 
developed at Colfax. The minimum flow of this river 
is sufficient to furnish condensing water for 300,000 



Power Station Lot Plan 


TMs plan shows the relative locations of coal storage, power house and 
switching station. It also shows the simple and direct paths along which 
fuel, water and electric current progress on their way through the works. 

kw., therefore the design is made so that the power 
station can be extended on a uniform plan until all 
available condensing water has been utilized. To 
allow for contingencies and spare equipment a develop¬ 
ment somewhat beyond the minimum is provided for. 

The size of the unit chosen, 60,000 kw. nominal, is 
such that the ultimate development may be divided 




Cross-Secton of Colfax Power 
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into five or six steps and when the plant is completed 
it will not be complicated with a large number of small 
units. 

The first step of the development which is now com¬ 
pleted includes one 60,000-kw. turbine and seven boilers. 
The power station building is, however, large enough 
for two units. 

The relative floor spaces occupied by the turbines 
and the boilers are important factors in the general 
arrangement of the power station. In this case the 
turbine room has a width of 84 ft. and the boiler room 
of 108 ft. which, together with the electrical bay, give 
a station 240 ft. wide over-all. The boiler room is 
350 ft. long and the turbine room is 278 ft. long, giving 



Relative location of boilers, stacks, draft fans, feed pumps, main turbines, 
house turbines, exciters, heat balance motor-generator, main transformers, 
house transformers and various auxiliaries. 


an approximate balance in length between turbine and 
boiler room. 

A Westinghouse three-cylinder compound tirrbine 
has been used. In this machine the expansion of the 
steam is divided into two steps and the low-pressure 
steam of the second step is divided into two parts. 
This division of the work of the steam gives three 
distinct mechanical elements, one being high-pressure 
















Section Through Boilers 

The boilers are 18 tubes high with the two lower rows dropped below 
the tube bank and exposed to the direct heat of the furnace throughout 
their whole length. The boilers are set exceptionally high to give a large 
furnace volume. 
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and two low-pressure. These three elements are \ 
logically grouped side by side with parallel shafts ; 
with the high-pressure element in the middle and one 
low-pressure element on each side. With this ar¬ 
rangement each unit occupies a space 50, ft. 103^ in. 
in the direction of the shafts and 79 ft. 2 in. at right 
angles to the shafts. 

Babcock and Wilcox boilers of the greatest practic- 


Completed Boiler 


able width were selected, each boiler occupying a 
floor space about 34 ft. wide and 22 ft. from front to 
back. 

With these boilers it has been practicable to use a 
boiler room with a single firing aisle between a double 
row of singly fired boilers, an arrangement which is 
highly desirable where the relative space occupied by 
turbines and boilers permits. 


Illustrates the arrangement of the soot blower piping and its con“ 
trolling valves, the location of the boiler gage board and the clinker- 
grinder drive. 
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The illustrations herewith show the arrangement of 
the power house in much detail and the capacity and 
ratings of the important pieces of apparatus are listed 
in an appendix. A further detailed description is 
dispensed with in order to permit a discussion of 
some of the more important considerations which 
governed the design. 


Rear of Boilers 

Tins vi6w sliows roar of south. bSittery of boilors showing wsilkways 
on two levels and comparative size of boiler to man in foreground. 

Economy 

An important factor in insuring the economical 
generation of power in this particular plant is its loca¬ 
tion near a coal mine. A mine mouth location, how¬ 
ever, is not adapted to efficient generation unless 
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combined with an ample supply of condensing water. 
The Colfax plant has therefore been located a short 
distance from the mine on the Allegheny River which 
gives a water supply of unusual magnitude for a 
mining region. 

Great care has been taken that the coal should move 
forward in a simple manner from the mine to the fur¬ 
naces with a minimum number of handlings and that 
it should be handled by gravity wherever possible. 

A private railroad gives a cheap one-mile haul from 
the mine to the plant. At the plant the cars arrive 



The high-pressure steam pipe which normally supplies only the 
high-pressure element, branches ".to give an emergency supply to each 
low-pressure element. Each generator is piped to receive steam from the 
exciter steam header for use in extinguishing fire in the generator wind¬ 
ings. This diagram covers the present unit and a future second unit. 

on an elevated trestle and the coal is dumped directly 
into the power station hoppers from which it passes by 
gravity to two crushers. The crushed coal is elevated 
by a bucket carrier to the top of the boiler room 
and is then distributed to the bunker by two belts 
with automatic traveling trippers. 
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The mine furnishes a semi-bituminous coal having a 
heating value of approximately 13,500 B. t. u. per lb. 
as received. Provision has been made for systematic¬ 
ally testing the quality of the coal by taking a con¬ 
tinuous sample of the coal as it goes to the belts 
which distribute it to the bunker. 

The quantity of coal used is determined by passing 
it through weighing larries with recording registers 
on its way from the bunker to the stokers. 

The ashes pass from the furnaces through clinker 
grinders to large hoppers for temporary storage. Air- 
operated ash gates discharge the ashes by gravity into 
standard railway cars in which they are removed with¬ 
out further handling. 

From the furnace to the turbine every detail has 
been carefully considered so that the heat of the coal 
may be converted to electrical energy with the highest 
thermal efficiency. 

The stokers are extra long and will burn coal at such 
arate that the boilers will develop 300 percent of rating 
for peaks. However, so long as the load factor on the 
station is high a lower annual cost will be obtained 
by operating the boilers at from 200 per cent to 225 per 
cent of rating. 

The boilers are set exceptionally high so that a 
furnace volumb of approximately 3.45 cu. ft. per rated 
horse power is obtained. This liberal volume per¬ 
mits of the complete combustion of the coal even at 
high rates of evaporation in the boilers. 

The boilers are 18 tubes high, which was the gi’eatest 
height developed at the date of purchase. This 
gives the maximum amount of heating surface per 
foot of furnace width which is favorable for abstract¬ 
ing the greatest proportion of the heat from the gases 
on their way through. 

The usual losses caused by air leaking through the 
brick boiler settings are much reduced in this plant 
by using steel casings. 

A total steam temperature of about 600 deg. fahr. 
was chosen as giving the highest thermal efficiency 
consistent with thorough reliability. It was further 
decided that approximately 200 deg. fahr. of this 
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The instruments which are provided to permit of 
economical boiler operation include feed water regu¬ 
lators, water flow meters, draft gages, pyrometers and 
CO 2 recorders. 

Excellent efficiency of the turbo-generators them¬ 
selves is an essential element in insuring unusually 
high plant efficiency. The use of the multiple element 
type of machine has permitted the total temperature 
drop to be divided into two approximately equal steps 
which are utilized in separate machines. The high 
and low-pressure elements therefore can be designed 
with different speeds and blading to best suit the 
steam conditions. 

The high-pressure element is designed for a speed 
of 1800 rev. per min. for taking steam at 265 lb. gage 
pressure and 175 deg. fahr. of superheat while the 
low-pressure elements are designed for a speed of 1200 
rev. per min. for expanding the steam from an 
intermediate pressure of 55 lb. gage to a condenser 
pressure of one in. of mercury. 

The division of the low-pressure machine into two 
elements removes an undue disproportion in size and 
speed between high- and low-pressure elements with 
this division of temperature and pressures. 

When operating at its most efficient point, the unit 
is guaranteed to generate a kilowatt hour with a con¬ 
sumption of steam of 10.58 lb. 

The efficiency of the turbo-generator is dependent 
in a large measure on the condenser, and in this plant 
each unit is provided with 100,000 sq. ft. of con¬ 
denser surface which insures a vacuum of 29 in. at 
full load. 

While a plant should have a high thermodsmamic 
efficiency if each of the major elements, furnace, boilers, 
turbines and condensers is highly efficient, there is an 
opportunity for material losses to occur in the numer¬ 
ous auxiliaries, which, with the best of design, may 
consume 12 per cent as much steam as the main tur¬ 
bines. In this plant great care has been taken in the 
design of each auxiliary system to stop all preventable 
losses. 

The feed-water system may be taken for example 
as the most important of the auxiliary systems. 
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Under normal full-load conditions approximately 
87 per cent of the water evaporated in the boilers is 
used in the main turbines, is condensed in their 
condensers and, then reused for boiler feed water. 
Another 10 per cent is used in operating auxiliaries and 
may also he condensed and used for boiler feed water. 
The remaining 3 per cent is accounted for in steam used 
in soot blowers, boiler blow-downs, drips, drains, vents 
and so forth where the water cannot be recovered. 



Gbneeal View op 60,000-kw.Unit 
The central or high-pressure element receives steam from the boilers 
at 265-lb. pressure and exhausts it into the branched overhead pipe 
through which it passes at about 55 lb. to the two outside low-pressure 
elements. A butterfly valve in each branch of this pipe permits of this 
steam passage being closed. 

This loss of water is made up by evaporating river or 
well water to purify it before allowing it to enter the 
boilers. 

The condensate from the main turbines which is the 
principal source of feed water is removed from the 
condensers by the hot well pumps at a temperature 
of 75 deg. fahr. It is desirable to raise the tempera¬ 
ture of this water to about 200 deg. fahr. and to add 












7 32 G A LUSH A AND CLARKE [Apr. 1A> 


to it the water used by the auxiliaries and the make¬ 
up water from the evaporator before pumping it into 
the boilers. It is furthermore desirable that all heat- 
transferred in the process should be most efficiently 
utilized. 

In this plant the process is therefore divided into 
several steps. 

1. The auxiliary live steam is used to produce as 
much mechanical power as possible before its heat 
is used for other purposes. The auxiliaries which are 


steam-driven are the feed pumps, the forced draft 
fans and the house turbo-generator. The amount of 
exhaust steam from the feed pumps and draft fans is 
always less than the minimum necessary and the 
additional steam from the house turbine may be con¬ 
trolled at will by transferring load electrically between 
the generators of the house turbine and the Tna.in 
turbine. 


ssuEE Element 


20,000-kw. 1200 rev. per min. turbine is of the semi-double flow 
construction. The steam entering through the opening shown at tho 
top first passes through a section of single flow blading concealed beneatli 
the central casing which is shown in"^place. The steam then divides and 
flows toward each end through the double flow blading which is exposed io, 
the view by the removal of the outer casing. At each end the exhaust 
steam is discharged from the turbine tlirough a separate opening below 
the floor. These two openings connect with senarate condenser shells. 
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2. Part of the exhaust steam from the auxiliaries 
is first used in the evaporator for evaporating make¬ 
up water. 

3. The heat used in the evaporator is again recovered 
and adds some 20 deg. to 30 deg. to the temperature 
of the main condensate which passes as circulating 
water through the condenser of the evaporator to 
condense the make-up water. 

4. The steam from the auxiliaries, which is not 
needed in the evaporator, is condensed in a barometric 



Condenser 


Bach unit has 100,000 sq. ft. of condenser surface divided between four 
shells. This view taken in the shop shows two shells, that is, one-half 
;of the condenser for one unit. Exhaust steam enters the top of each shell 
through an elliptical opening 14 feet long and. 9 feet wide. The smaller 
elliptical side outlet is for an equalizing pipe between the two shells of 
the same element. The divided water box construction which permits 
of separate cleaning of the halves of each shell is indicated by the duplicate 
flange on each side for circulating piping. The shell is shown standing 
on feet which are provided for convenience in erection. When in service 
it is suspended from a steel framework by straps which attach to the pads 
just below the equalizing opening. 

condenser, which uses as condensing water the con¬ 
densate from the main condensers that has already 
been raised in temperature 20 deg. or 30 deg. as above 
mentioned. ■ 

This combination is designed to maintain the feed 
water at a normal temperature of about 200 deg. fahr. 
without waste of either water or heat. 
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The electrical method of transferring the load be¬ 
tween the house turbine and main turbine is particu¬ 
larly interesting. Practically all the station auxiliaries 
are electrically operated by induction motors which 
are normally supplied from the house turbine circuit. 
The house turbine circuit has, however, a second source 
of supply from a generator driven by an induction 
motor receiving its supply from the main generators. 
When the house turbine is run at the same frequency 



General View op Turbine Room 

T1i 6 units ar 0 spaced 125 feet on centers' with, a pit between for 
dismantling generators and transformers. The auxiliary bay which 
opens into the turbine room contains the feed pumps, draft fans and 
house turbines, thus bringing all steam driven auxiliaries to the tur¬ 
bine room floor and under the care of the turbine room operators. 

as the main generators the motor-generator will furnish 
no power and the house turbine will carry all of the 
electrical station auxiliaries alone. The speed of the 
house turbine is adjustable by the usual governor 
control, and as its speed is reduced the motor-generator 
will pick up load on the house circuit. The whole 
load or any part of it may be transferred from the 
house generator to the main generator. 
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The electrical losses inside of generating stations 
are so small that large savings are not possible, but 
in this plant there has been some improvement in 
transformer efficiencies. These transformers which are 
larger than any other single-phase units yet constructed 
have the high full-load efficiency of 99 per cent. 

Records are not yet available to show the normal 
performance of the plant in actual service, but calcu¬ 
lated figures indicate that at a load of 50,000 kilowatts, 
its coal consumption should be about 1.39 lb. per 
kw-hr. 



The Four 23,600-icv-a. Transformers 


These are the largest single-phase transformers that have ever been 
constructed. Each is approximately 10 feet in diameter and 22 feet high 
over the terminals. Three of these units form one transformer bank and 
the fourth is a spare. The low-tension windings are connected delta 
for 12,000 volts and the high-tension windings are connected star for 
either 66,000 or 132,000 volts. 

Reliability 

Reliability without sacrifice of economy has been 
the next major consideration in the plant design. 

The coal supply is the first point requiring 
safe-guarding. The natural coal supply of the Colfax 
plant is direct from the Harwich mine. Two altema- 
tiye methods of supply are however provided, either 
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by barge on the river or by car over the Pennsylvania 
Railroad. Finally a coal storage of 150,000 tons within 
a few feet of the power station makes interruption 
of fuel supply a remote contingency. 

Inside the power house the coal hoppers, coal 


A 132,000-Volt, 400-Ampere Circuit Breaker 

The three tames shown form a single three-pole oil circuit breaker. There 
are two of these breakers in the power station to control the high-tension 
circuit from the transformer bank and six in the outdoor switching station 
to control the three outgoing lines. Each switch is electrically operated 
by mechanism enclosed in the iron box shown at the end of the row of 
tanks. The electrical operation is by remote control from the switchboard. 


crushers, coal elevators and conveyors are all in 
duplicate and each half has a capacity of 200 tons per 
hour. Furthermore, the coal bunker provides a 
storage of 240 tons immediately over each boiler. 

The number and capacity of the boilers is such that 
it is always possible to take a boiler out of service 
when it is desirable for cleaning or proper maintenance. 
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The furnaces are designed to permit high furnace 
temperature with a minimum of brickwork upkeep. ' 



2300-Volt Bus Structure 

The 2300-volt circuits are used exclusively for supplying station aux¬ 
iliaries. The 2300 system is supplied from duplicate sources, a separate 
2000-kw. house turbine and a 2500-kw. bank of station transformers. 
As absolute dependence has been placed on electric drive for a majority 
of the essential auxiliaries the 2300-volt busses have been carefully safe¬ 
guarded in cell worJi:. 


■ In the high-pressure steam piping, special care has 
been used to insure reliability. Thus in the flanged 
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Diagram of Auxiliary Circuits 

The essential auxiliary connections showing method of heat balance 
control from switchboard room. 
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CoNTEOL Room 

This shows the room 48 ft. long by 30 ft. wide from which the plant 


is controlled. 


upsetting the material to form a head and results in a more 
reliable bolt. 

The division of the main unit into three mechanically 


Main Bench Board 

This is the board from which all the main circuits are controlled. On 
top of the desk apron there are mimic busbars representing the actual 
circuits in diagrammatic form. Circuits of different potential are dis¬ 
tinguished by the use of different finishes for these busbars. 


1921 ] 


COLFAX POWER STATION 


739 


joints double threaded bolts with two nuts of special 
high-grade, oil-treated steel are used. This avoids 


distinct elements minimizes the loss of capacity from 
an accident to the machine, as any two of the elements 
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may be operated with the other out of service or any 
one may be operated with the other two out. 

Normally, all the steam supplied'to the unit is under the 
control of the governor on the high-pressure element, 
but each low-pressure element is also equipped with 
a governor. 

The closing of a butterfly valve in one branch of the 
steam pipe between the high and low-pressure cylinders 
cuts off the low-pressure steam supply to that low- 
pressure element. Then the opening of a direct steam 
connection to the boilers permits of that low-pressure 
element being operated as an independent condensing 
turbine on its own governor. Either or both of the 
low-pressure elements may be so operated. 

With the butterfly valves closed in both branches 
of the pipe between the high and low-pressure cylinders 
and with the atmospheric relief valve open, the. high- 
pressure element may be operated as an independent 
non-condensing turbine. 

The opening and closing of the proper valves for 
shif ting to separate operation in case of an emergency 
is automatically controlled by the governors. 

Overspeeding of a low-pressure element closes the 
butterfly valve and cuts off its low-pressure steam 
supply while a drop in speed admits live steam from 
the boilers. 

Overspeeding of the unit cuts off all steam from the 
unit and closes both butterfly valves, but a subsequent 
slowing down will admit live steam to the low-pressure 
elements. 

Each of the low-pressure elements is of the semi¬ 
double flow type with two exhausts from each cylinder. 
This has naturally resulted in dividing the condenser 
surface between four shells. Each shell is so divided 
that one-half of it may be isolated for cleaning, per¬ 
mitting one-eighth of the total surface to be cleaned 
at a time without interruption to service. 

The excitation system is especially well protected 
against interruptions. The exciters are in duplicate, 
one being a spare machine. The exciters are normally 
motor-driven, but each is also connected to a steam 
turbine. When the exciter is being driven by the 
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motor, a small amount of live steam is admitted to 
the turbine casing and if the motor permits the speed 
to fall, the turbine automatically takes the load 
from the motor and maintains the excitation. 

The electrical devices provided for protecting the 
generator include a differential relay operated by the 
difference between the line and neutral current which 
will automatically perform all the functions necessary 
for isolating that generating element in case of an in¬ 
ternal short circuit; a resistor of seven ohms between the 
generator neutrals and ground which limits the current 
to ground on the 12,000-volt system to 1000 amperes; 
and six resistance coils and six thermocouples for 
temperature measurement. 

Great care has been used in insulating the con¬ 
nections from the generators to the busses. These 
consist of cables insulated for 13,000 volts, mounted 
on porcelain insulators as an additional precaution. 

Four single-phase step-up transformers are in¬ 
stalled, of which one is a spare unit. The spare 
transformer has all piping connections in place and 
is provided with disconnecting switches on the low- 
voltage side and removable pipe links on the high- 
voltage side, by means of which it can be connected 
in place of any of the others in a few minutes. Each 
transformer has two hot-spot temperature indicators, 
one at the switchboard and one at the transformer, 
designed to show the highest temperature existing at 
the hottest spot in the transformer coils. The trans¬ 
formers are protected by differential relays in case of 
internal short circuits and by heavily set oveVload 
relays in case of a short circuit on the high-tension 
busses. The neutral of the high-voltage windings of 
the transformer bank is connected to ground through 
a resistance, which will limit the current in case of a 
ground on the high-tension circuit. 

All electrical auxiliaries have duplicate sources of 
supply and may be operated from either the main 
generators or the house turbine. 

The motor-generator which normally interconnects 
the main and the house turbine has reverse power 
relays which will disconnect it in case the frequency 
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of the main turbine falls to a point where it would 
materially interfere with the operation of the house 
turbine or station auxiliaries. 

In order that disconnecting switches may be opened 
and closed only when the corresponding oil switch 
is open, each set of switches is provided with a pro¬ 
tective device, including as the indicating element, 
three lamps. A red light indicates a closed circuit 
breaker, a green light that the breaker is open and a 
white light that the control wires to the breaker 
are open. 



Outdoor Switching Station 


The station consists of an u*on framework supporting the insulators, 
horn gaps, conductors and disconnecting switches which are required. 
Oil circuit breakers and lightning arresters which stand on the ground. 


Electric control is used for so many operations that a 
dependable supply is essential. Duplicate batteries, 
charging sets and busses are provided. Each circuit 
is equipped with a double throw switch for connecting 
to either bus. 

A complete emergency lighting system provides 
sufficient light at every important point to permit 
of the operation of the station without hazard. When 
the normal alternating-current supply of the emergency 
lighting circuits is interrupted, connection is auto¬ 
matically made to a storage battery. 
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The various precautions to insure reliability above 
described may be summarized as including, first, 
careful design and a high factor of safety to prevent 
accidents, second, a complete duplication of all im¬ 
portant but inexpensive elements so that complete 
service may be maintained in spite of any failure, 
and third, a subdivision of the large and expensive 
elements so that a failure merely causes a diminution 
of capacity without an interruption to service. 

Simplicity 

Simplicity of design has been favored by the large 
size of the units, but great care has been necessary to 
attain reliability while preserving the simplicity. 



The Duquesne Ring 

A 66,000-volt loop 89 miles in circumference surrounding r*ittsburgii. 
It supplies radial distribution circuits at 11,000 and 22,000 volts through 
six step-down substations. 


The low steam consumption of the turbine and the 
large capacity of the individual boilers have simplified 
the boiler room by permitting a single firing aisle. 

Each turbo-generator is regarded as a single unit 
taking steam through a single governor and delivering 
high-tension current through a single transformer bank. 
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The division of the unit into three mechanical elements 
and the resulting division of the generated current 
into three low-tension circuits are regarded as internal 
structural peculiarities which can be taken advantage 
of in case of an emergency but which should not be 
made an excuse for complicating the design. 

The three 12,000-volt generating elements of each 
main unit are operated as one machine, being switched 
together on a common bus and given field excitation 
while stationary, then brought up to normal frequency 
and voltage as one generator by the admission of steam 
to the high-pressure turbine and synchronized with 
the 66,000-volt system through the low-tension circuit 
breakers of the 70,000-kv-a. transformer bank. 

When other units are added each is to have its own 
isolated 12,000-volt bus. Each generating unit may be 
considered as a single 66,000-volt machine. The 
station bus on which the machines operate in multiple 
is the high-tension bus from which the transmission 
■ circuits are supplied. This simple plan has been 
developed by taking advantage of the location of 
Colfax at a point where the local loads are not heavy 
and recognizing that there would be an undue expense 
and complication if a common low-tension bus were 
established in order to supply a small local load. 

The use of a single transformer bank for each three- 
element unit simplifies the transformer house while 
the use of single-phase transformers provides a sub¬ 
division of the capacity which gives added reliability 
without complication or expense. 

Another simplification in the power house is ob¬ 
tained by separating the distribution of power from 
its generation. With this plan the only switches in 
the power house are those of the generators and aux¬ 
iliaries. The only high-tension switches which must 
be provided for in the power house design are two 
selector switches for each generator. After passing 
through these switches the generator circuits go out 
doors to the duplicate station busses which are sus¬ 
pended above the roof. The current thus leaves the 
power station proper at one end over two busses. 

The distribution of power from a separate point 
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permits the use of a simpler design and less expensive 
construction for this purpose than would be necessary 
in the power station building. 

These simplifications in design have been important 
factors in keeping down the cost of the station. In 
spite of the fact that the station was constructed just 
at the time when the prices of material and labor were 
at their maximum the cost of that part of the plant 
which should be allocated to the first unit was about 
$105 per kilowatt. 

APPENDIX 

CAPACITY AND RATING OF APPARATUS 

Coal Handling Apparatus. Duplicate concrete receiving 
track hoppers, each 150 tons capacity. 

Duplicate crushers, each 200 tons per hour capacity. 

Duplicate bucket elevators with overlapping, pivoted buckets, 
each 200 tons per hour capacity. 

Duplicate SO-in. belt conveyers, e.ach 200 tons per hour 
capacity. 

Reinforced concrete bunker, capacity 10 tons, per lin. ft., 
or 240 tons per boiler. 

Duplicate weighing larries, each 20 tons capacity. 

Stokers. 17-retort, extra long underfeed with double roll 
clinker grinders. 

Ash Handling Apparatus. Ash hoppers of reinforced 
concrete, brick-lined, 1900-cu. ft. capacity per boiler, fitted with 
air-operated ash gates, discharging direct into standard gage 
railroad cars. 

Boilers. Seven Babcock & Wilcox steel-cased cross-drum 
boilers. Each contains 20,876 sq. ft. of heating surface, is 
51 tubes wide and 18 tubes high. Tubes 20 ft. long; diameter 
of cross-drum 60 in.; steam pressure 275 lb.; furnace volume 
3.45 cu. ft. per rated h. p. 

Superheaters: Poster type, located above tubes between first 
and second pass. Each contains 6700 sq. ft. of heating surface 
giving from 140 deg. to 200 deg. superheat. 

Forced Draft System. Three 250,000-cu. ft. per min. fans 
driven by 420-h. p. geared steam turbines. Air supply taken 
from generator discharge and boiler room basement. 

Stacks. Two brick lined self-supporting steel stacks, each 
21-ft. diameter with top 325 ft. above firing floor. Flues are 
above roof and covered with magnesia with sheet metal pro¬ 
tection. 

Main Turbo-Generator. One Westinghouse 60,000-kw. 
three-cylinder, two-stage parallel flow, compound steam turbine 
generator unit consisting of one 1800-rev. per min., single-flow 
high pressure element, and two 1200-rev. per min. semi-double¬ 
flow low-pressure elements ; each element driving one 23,600-kv-a., 
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85 per cent power factor, 60-eycle, 12,000-volt, three-phase 
generator. Generators are star-connected with three neutral 
connections brought out; seven-ohm external resistance in 
ground circuit. 

Main Unit Auxiliaries. Condensing equipment has 100,000 
sq. ft. of surface in 4 two-pass shells of 25,000 sq. ft. each, 
connected to turbines by means of rubber expansion joints. 
Each condenser shell contains 5070 one-in. Muntz metal No. 
16 gage tubes of 18 ft.-lO in. active length. 

Three circulating pumps, each 44,000 gal. per min., motor- 
driven. 

Four condensate pumps, each 1000 gal. per min., two-stage, 
motor-driven. 

Three Leblanc air pumps, each 30 cu. ft. per min., motor- 
driven. 

Two submerged removal pumps, each 900 gal. per min., 
motor-driven. 

Two air washers, each 115,000 cu. ft. per min. 

Station Auxiliaries. “House” turbo-generator: One 2000 
kw., 2300-volt, three-phase, 60-cycle unit, the turbine operating 
at boiler pressure and exhausting into barometric condenser. 

Heat balance set: One 1100-h. p., 2300-volt, three-phase, 
60-cycle motor driving 750-kw., three-phase, 60-eycle, 900-rev. 
per min., 2300-volt synchronous generator. This set connected 
between the house turbine bus and the auxiliary bus fed from 
main turbo-generator. 

Duplex exciters: Two sets, each consisting of a steam turbine 
on common shaft with 350-kw., 250-volt, d-e. generator and 
530-h. p., 2300-volt motor. 

Motor-generator sets for stoker and clinker grinder supply: 
Two, each consisting of 325-h. p., three-phase, 60-cycle, 2300- 
volt motor driving 200-kw., 250-volt, d.c. generator. 

Battery charging sets: Two, each consisting of 25-h. p., 
three-phase, 60-eycle, 440-volt motor driving 15-kw., 125-volt, 
d-e. generator. 

Elevator: Combination passenger and freight, automatic, 
two-ton capacity; to all floors on electrical bay side. 

Evaporator, double effect, “dry-tube” type: Capacity 15 
tons per hour. The two effects reversible. 

Three boiler feed pumps: Each 1500 gal. per min. four-stage 
centrifugal, turbine-driven. 

Main distilled water storage tank: Capacity 200,000 gallons. 

Traveling crane: One four-motor, 75-ton main hoist, 25-ton 
auxiliary hoist. 

Transformers. Main Transformers: Four 23,600-kv-a., 
11,500/38,100/76,200-volt, single-phase, 60-eycle, oil-insulated, 
water-cooled, low-tension delta, high-tension star. One trans¬ 
former in reserve as spare. 

Station Transformers: Three 833-1/3-kv-a., 11,500/2,300- 


748 


GALUSHA AND CLARKE 


[Apr. 16 


volt, single-phase, 60-eyele, oil-insulated, water-cooled, connected 
delta-delta. 

Duplicate Storage Batteries. For circuit breaker control 
and emergency lighting. Each 125-volt, 160-ampere-hour. 

Main Switchboard. Desk type for controls, vertical panels 
in rear for instruments on main board of seven sections. All 
other boards of vertical type. Panels of slate. Mimic busses 
of all circuits with different finish for each voltage. 

Circuit Breakers. Remote control, solenoid-operated, type 
0-2 and CO-2 on 12,000-volt circuits; type G-2 on high-tension 
circuits. 

Emergency bi^htini. Emergency lights throughout plant 
automatically transferred from normal supply to storage 
batteries in. case of station trouble; restored when trouble is 
removed. 

Telephone, Etc. Duplicate private branch exchange 
boards. Telephones installed in all parts of building and im¬ 
portant points outside of station. Loud speaker on main 
instrument board permits operator to talk without head set. 

Master clock m control room with auxiliary clocks in various 
parts of building. 

Load indicator in center of boiler room firing aisle .with 
double-faced illuminated dial electric clock and steam gage. 

Signal System. Induction regulator type sending and 
reeiving indicators and transmitters between control room and 
gage boards. 
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Discussion on ''Colfax Power Station of the 
Duquesne Light Company, Pittsburgh/' 
(Galusha and Clarke), Pittsburgh, Pa., April 
16, 1921. 

C. S. Cook: When the Duquesne Light Company 
started to build the Colfax station it had in mind a high 
demand for central station power, which has been a 
rapidly growing one, and meeting it in a way which 
would enable it to furnish both reliable and economical 
power. 

Until just about the beginning of the war, Pittsburgh 
as a community was favored with very cheap fuel. 
Coal could be purchased at something in the ratio of a 
dollar a ton. That low price of fuel has gone, left us, at 
the present tinae, and probably never will return in 
anything like it was before the war. Whth dollar 
coal it was manifestly not good business for any 
utility company or any mill to put into their power 
development more than such measure of economy 
apparatus as would be justified in bringing their 
total cost both of operation and carrying charges above 
that minimum. 

With three dollar coal, which is probably what we 
have to face in the future, a great deal more can be done, 
and as the paper has said, careful consideration was 
given both to the cost of operation and the interest 
carrying charges of the plant. If it had been only a 
matter of higher thermal efficiency, and no considera¬ 
tion of investment charges, we could build a plant for 
a little higher economy than we have. 

But there are two things to be considered in building 
this plant.^ One is operating economy and the other 
is the reliability of the plant. Operating economy 
could be obtained by very large individual units. 
Perhaps we could have used one 60,000-kw.single-cylinder 
turbine of some form that the engineers could approve, 
and have built a machine which would have given a 
few hundredths per cent better water economy and 
steam economy and general economy in operation than 
we have, but that would have been one 60,000 unit, 
and anything that would disable that would put the 
whole plant out of service. 

With the combination of machines which we have, 
which is practically a new one,—there are only one or 
two others in the country in operation—-we have nearly 
the same economy when we run as a whole that would 
be obtained by one 60,000-kw. unit, and by automatic 
arrangements on the machine, any one of those units 
may go out, either through accident or be pulled out 
intentionally, and the other two units carry the load 
right straight along to the extent of their capacity. 
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This gives the dependability feature which we could 
not have with one single unit. I haven^t seen one 
thing about the plant that I would like to change. 

G. F. Brown; One of the things that struck me 
particularly is one point that has been emphasized 
in Mr. Galusha's paper, and that is simplicity of the 
unit system of layout. That I think is undoubtedly 
the trend of most of the larger engineering and 
operating conpanies, but even so, there are a great 
many stations being laid out today that include an 
extensive low-tension switching arrangement, which is 
no more justified than it was justified here at Colfax. 

I don’t think that it is always realized what a large 
saving can be made in the separation of the units on 
the low-tension bars. 

We recently made quite a large study, and I reraernber 
distinctly that the saving made by eliminating the low- 
tension switching amounted to almost one-third of the 
cost of the switchboard and the switching equipnient. 

In Colfax, as in several recent important stations, 
the transformers and transformer switches are placed 
indoors. Have we been tending to go too far with 
out-door construction in the past; or were there 
special considerations in this case? 

The paralleling on the high-tension bus has another 
big advantage in that it simplifies the problem of 
handling short circuits, which are bound to become a 
very serious problem in systems as large as the Du- 
quesne Light Company’s system. 

The heat balance set is a very unusual innovation. 
It might also, beyond the point of controlling heat 
balance, have a use in improving regulation of the house 
generator set if necessary. 

F. C. Hanker: Mr. Clark has called attention to 
the mechanical power being the measure of the pro¬ 
ductivity of civilization. I think in this case we can 
go one step farther, and call attention to the advantage 
of electrical power, particularly in its ease of distribu¬ 
tion, after we have had experience with the difficulty of 
securing adequate supplies of coal. 

The Pittsburgh district is peculiarly fortunate in 
having a layout that comprises the so-called Duquesne 
Ring giving very economical transmission to the very 
centers of industry. Estimates have been made to 
show that the amount of power in the district as a whole 
will probably be on the order of a million and a half 
kilowatts at the end of 15-year period. The amount of 
power of that order will involve several stations of the 
type you have seen today at Colfax. That station at 
the present day probably represents a type that is as 
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suitable for the bulk generation and distribution of 
power as any that had been recently developed. 

The simplicity has been referred to by Mr. Galusha 
and the other speakers, and also in the paper, and on 
the question of reliability one of the factors referred 
to by another speaker, the heat balance set, was 
installed to improve the dependability of the source 
of power to the auxiliaries. When you recognize that 
the auxiliaries and the continuity of supply to the 
auxiliaries is just as important as the main units, 
you will appreciate some of the care in the design of 
the low-tension layout, that is, the 2300-volt as com¬ 
pared with the 12,000-volt. 

The heat balance set, so-called, is essentially a 
flexible coupling between the circuits of the main unit 
and the auxiliary bus. In other words you can get 
disturbance on the outside system that would affect 
the voltage or frequency of the main system, but have 
no effect on the auxiliaries. You have in effect, an 
induction motor that operates at about five per cent 
below the normal frequency of the system. That 
means that the main system must drop in frequency to 
about 67 cycles before there is any transfer from the 
auxiliary bus or the house turbine to the main load. 
That would not be the case if they were directly 
paralleled. In that case the house turbine would 
attempt to carry its share of the output and probably 
lose some of the circulating pumps which are essential 
to the operation. It may represent somewhat of a 
refinement, but when you take into account the 
necessity of continuity of service it well justifies the 
expense of the slight losses involved. 

The Pittsburgh district, referring back to the possible 
load it may have, is the one case that you will find, 
with the exception of those districts which have an 
adequate supply of hydroelectric power, where you 
have a combination of fuel and water that are 
required for the so-called mouth-of-mine plants. 
There has been a good deal of discussion in re¬ 
cent years on that type of plant, and the popular 
conception has usually neglected taking into account 
the amount of water necessary for condensing purposes. 
In the present case that limit has been placed around 
300,000 kw. A review of the bituminous field in 
Eastern Pennsylvania will show that there are very 
few streams that would be adequate for the plants of 
that order of output. A recent survey was made in 
that connection, excluding the rivers in the Pittsburgh 
district. There are only one or two sites that are 
really suitable for plants in excess of one or two hundred 
thousand kilowatts, unless you go' to the Potomac river 
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and to some points on the Susquehanna. Taking 
that viewpoint you can realize the advantage of the 
development of the Pittsburgh district electiically, 
with its numerous sites on the three rivers where you 
can get an adequate and dependable supply. 

G. G. Bell: The Colfax station is one of five sta¬ 
tions in the Pittsburgh district that are either in opera¬ 
tion or under construction and are built at the mine 
mouth. Two of these stations will have 100,000 kw. 
ultimate capacity, whereas the three remaining stations 
will have ultimate capacities of 250,000 to 300,000 kw. 

The available sites for building large power houses, 
in which there are sufficient condensing water and land 
to accommodate a station of large size, are limited. 
Coal land along the river is in demand on account of 
its proximity in most cases to railway facilities and the 
saving which can be effected in transportation costs 
by delivering the coal by barges. The Duquesne 
Light Company was fortunate in securing such a 
site together with the necessary amount of coal re¬ 
quired by a large plant, in close proximity to towns 
which under normal housing conditions should be 
able to supply the necessary labor, thus eliminating 
the considerable expense of providing houses, with the 
necessary streets, water, sewers and lighting, which 
not only involve a large initial expense but are usually 
operated at a loss. 

The advantages of the ring system have been dis¬ 
cussed by former speakers; and it is needless to em¬ 
phasize further the advantages of continuity of service 
and opportunity for repairs, which, together with the 
present and proposed tie-ins with neighboring utilities, 
should enable the lighting company to transmit and 
distribute power to their customers with the minimum 
of transmission line interruptions. 

The use of high-voltage transmission increases the 
reliability of transmission lines. Two 132,000-volt 
lines operated in the Ohio River district have had 
records of about one interruption per year. 

In addition to the direct supply of coal from the 
mine, the Duquesne Light Company is also arranging 
for large storage of coal in close proximity to the power 
plant to take care of interruption of the mine supply 
on account of breakage of equipment or labor troubles. 
The scheme does not at present contemplate the receipt 
of coal from^ the river, but plans could be modified at 
a comparatively slight expense to provide this ad¬ 
ditional source of supply. 

An exceptionally good-looking turbine room has 
been secured at a comparatively small additional ex¬ 
penditure of money. * 
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All condenser auxiliaries are motor-driven. This 
necessitates a duplicate source of power in order to 
insure freedom from interruptions. The use of a heat 
balancer set to tie together the main units and the 
house generator is novel. At the Springdale plant 
the power for the auxiliaries is obtained from a house 
generator or from the house transformers. Under 
normal conditions the house generator is operated in 
parallel with the main units, but on the appearance 
of a storm on any part of the system the switch parallel¬ 
ing the house generator and the main unit is opened. 
In case of a short on the line, relays are installed which 
will open the circuit in case of the house generator 
feeding any large amount of cmrent into the main 
units. This arrangement so far has given very good 
satisfaction. If it is not desired to operate the house 
generator in parallel with the main units, additional 
non-condensing turbines of similar size to the house 
generator might be installed which would supply the 
additional amount of steam to heat the feed water to 
210 degrees and would be operated in parallel with the 
main units. However, the most economical way of 
getting the additional amount of steam over that 
supplied by the house generator, which furnishes the 
power for only such units as it is absolutely necessary 
shall have a separate source of supply, as for instance 
one circulating pump, one condensate pump, motor- 
driven boiler feed pump, and motor-generator-exciter 
set, is to bleed this steam from the large units. 

Provision for keeping clean condensers is a necessity 
where rivers supplying the condensing water are 
subject to such sudden fluctuations and carry the 
amount of suspended matter that the rivers in the 
Pittsburgh district carry. The arrangement installed 
at Cheswick is the result of the Duquesne ■ Light 
Company’s previous experience with a 45,000-kw. unit 
at Brunots Island, which has given very good satis¬ 
faction. It would be interesting to know whether a 
quarter of the condensing equipment can be cut off 
for cleaning and reduction of the water leakage without 
materially increasing the air leakage and consequent 
lowering of the vacuum. 

The installation of twin circulating pumps, especially 
if the pumps have separate water supplies, permits of 
more readily cleaning the condensers while in opera¬ 
tion, by the shutting down of one pump and making 
a four-pass condenser of a two-pass condenser, thereby 
flushing the leaves that have collected on the inlet 
tube plate back into the tunnels. 

The operation of auxiliaries such as circulating 
pumps and fans in parallel have certain advantages 
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in the way of flexibility and efficiency at part loads, 
provided that the auxiliaries can be operated at the 
same speed. However, in the case of forced-draft fans 
if turbine drive is selected, there must be a certain 
definite relation between steam pressure, turbine speed, 
quantity of air discharged and air pressure; and the 
characteristics of the fans must be such that they are 
in stable equilibrium, that is, that they tend to carry 
the same output. Forced-draft fans have this general 
characteristic, whereas with the type of fan ordinarily 
installed for induced draft there would be a tendency for 
one fan to hog the load at the expense of the other, 
thus causing a very decided loss of efficiency. A 
thorough investigation of this has been made by the 
Naval officials and published in a recent issue of the 
Bulletin of the American Society of Naval Engineers. 
I believe at Colfax that some arrangement has been 
made for keeping practically constant steam pressure 
on all fans; that while each fan has its own regulator, 
there is an equffiizing pipe between the turbines on 
the various fan units and in this way the disadvantage 
of parallel operation of fan units is greatly overcome. 

The amount of flexibility in the soot blower piping 
is exceptional, but not more than warranted by the 
amount of trouble that has lately been experienced with 
more rigid connections between the soot blower 
elements. 

The separation of air from boiler feed water has 
lately received a great deal of attention. In order to 
get anything like complete separation it is necessary 
to raise the water to a boiling temperature and allow 
the water to stand, preferably in a slight vacuum, with 
little or no movement. After the air is separated, 
it is very important that the water should not be exposed 
to air, which it will very readily absorb. A large 
surge tank is necessary to take up the fluctuations 
in the boiler requirements. Where this surge tank 
is placed between the heater and the boiler feed pump, 
the surface of the water is usually exposed to air. 
At Colfax the surface of this tank has been covered 
with cork, thus reducing the amount of exposed 
surface. Another arrangement is to have the con¬ 
densate by-pass the surge tank. This prevents the 
condensate from being exposed to air, but has the 
disadvantage of keeping the surge tank at a lower 
temperature. This arrangement has been adopted at 
Springdale, and we find that the surge tank temperature 
is kept about 20 to 30 degrees lower than the boiler 
feed water temperature. Analysis of the boiler feed 
water at Springdale shows that with the house genera¬ 
tor in service and the average feed water temperature 




1921] 


DISCUSSION 


755 


about 210 degrees the amount of air in the boiler feed 
water can be reduced to one quarter cu. cm. per litre 
instead of four to five cu. cm. per litre that is contained 
in the river water. 

The use of the generator air in the boilers is an ad¬ 
ditional economy, but it provides only about one-half 
the amount of air required by the boiler. It is permis¬ 
sible to introduce the remaining air through the ash 
pit basement approximately two-thirds of the year, 
but during the winter months this practise is likely 
to cause the air in the basement to be foggy and the 
basement itself to freeze up, especially where large 
amounts of water are used for cooling the clinker 
grinder or wetting ashes. This requires that the 
additional air be secured from the outside, either 
through ducts under the basement floor or through the 
boiler room. In some marine installations and foreign 
plants the air is taken from the top of the boiler room 
and conducted down the sides of the boiler between 
the steel casing and the brick work, thereby absorbing 
and returning to the boiler some of the heat lost in 
radiation. 

C. S. Hershfeld: The authors have been very 
careful to explain that they struck what one might 
call an economic balance. I think if the means used 
in striking that economic balance in the case of the 
boiler equipment could be elaborated upon for the 
benefit of other engineers, it would be highly desirable. 
As I recall the stoker, the boiler heating ratio, the price 
of coal, and the ratings at which the boilers are to be 
operated, they have such relations that I believe it 
would be wise to explain for the benefit of the public 
why these particular combinations happen to be chosen. 

Conditions a few years hence with respect to the 
relation between cost of coal and capital and other 
factors will probably be very different from what they 
are now. On the other hand the choice in this particu¬ 
lar case will undoubtedly be used as an argument for 
a similar choice in other cases. 

Also I think it might be wise to include some of the 
argument which lead to the decision with respect to 
economizers. 

F. Hodgkinson: I think I can add most to the 
discussion of this paper by telling you the reasons 
which led to the designing of steam turbines of the 
type that has come to be known as the ''cross-com- 
pound"' principle, such as you have seen at Colfax. 
In this particular instance, all of the steam to the system 
passes first through a high-pressure element, then 
divides into two low-pressure elements, which in turn 
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exhaust to the condenser, each of these three turbine 
elements driving a separate generator. 

Twenty years ago, designers of steam turbines 
recognized the advantage of carrying out the steam 
expansion in two separate cylinders, and a number of 
turbines as small as 1500 kw. were built tandem 
fashion at that time, the receiver pressure between 
the two turbine elements being approximately at 
atmospheric pressure. The advantage was that there 
was a lesser temperature range in each of the elements, 
reducing the difficulties on account of distortion, and 
any elaborateness of the steam path might be attained 
without the need of compromising on account of 
mechanical design, such as distance between bearings, 
etc.' 

It was also thought at that time that the advantages 
of intermediate re-heating would have been worth 
while. This thought, with the increased cost of fuel, 
is likely to be reconsidered in the near future in large 
turbine installations. 

The_ first important cross-compound turbine in¬ 
stallation was made in 1913, when the Westinghouse 
Co. was called upon to build some turbines of 30,000 
kw. capacity. This was in those days regarded as of 
unprecedented size, and it was thought, naturally, 
that such large machines would set a new era in steam 
economy. The purchaser and the builder were both 
desirous that with this step in economy, there should 
also be a corresponding advance in reliability, and with 
this in view, the cross-compound principle was evolved 
for these machines. With this, another advantage 
over those cited above was secured, namely, operating 
the respective turbine elements at the synchronous 
speed most adaptable to the volumes of steam to be 
dealt with by the high and low-pressure elements, 
respectively. In this instance, 1500 and 750 rev. per 
min. were selected. A further advantage of these 
two rates of speed is that no high blade speed ne^ be 
resorted to in order to avoid congestion in the low- 
pressure blading, and therefore a design could be 
employed involving no high stresses, so that ordinary 
commercial materials could be used. The experience 
with these machines since about 1914 has thoroughly 
justified their design. 

These turbines, while they each comprise two 
entirely independent turbine elements, were always 
regarded as one single machine. Of course, it is 
obvious that either element might be operated alone 
and in subsequent installations, arrangements were 
made for doing this more or less automatically.' With 
a two-cylinder machine, with one element shut down. 
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the other could operate and deliver its full load on 
approximately the flow of steam for the two units. 
In other words, operating one of the elements alone, 
the steam consumption would be nearly doubled. 
It then developed that if the turbine were constructed 
in three cylinders and the three generators of equal 
capacity, that there would be twice the heat drop 
through the low pressure elements, when they could 
be designed to operate alone with very respectable 
economy. For instance, at the economical load and 
the complete machine operating, the steam consumption 
of the machine you have seen approximates 10.4 lb. 
per kw-hr. With one low pressure shut down, half 
load may be carried with a steam consumption of 
12^4 lb. per kw-hr., and similarly, with the high 
pressure shut down, the two low pressures may carry 
two-thirds of the total load with a steam consumption 
of 13.7 lb. per kw-hr. 

Naturally, it came to be demanded with a machine 
such as this, that automatic means be provided that in 
the event ^ of accident to any one turbine element, 
the remaining ones will continue in operation without 
interruption. These features you have seen installed 
on the machines at Colfax. 

W. T. Snyder: It appears in the design that the 
circulating pumps are above low water level. Are 
there other reasons than the cost of excavation, for 
not putting the pumps lower? 

I have understood that combustion could be better 
controlled with forced and induced draft fans. What 
are the engineering reasons for omitting induced draft 
fans at Colfax? 

With no external reactance what would be the maxi- 
muih short-circuit current with a short circuit near 
the plant? 

I would like to know the principal reason for motor 
drive on the stoker, particularly when no direct current 
was available except through motor-generators? 

With such an extensive system extra precautions 
must be taken against a complete shut down. In 
case of a complete shut-down what methods or pre¬ 
conceived plans are used to get the system back in 
operation in the shortest possible time? 

Why are transformer substations located in remote 
places, away from the railroads, and improved high¬ 
ways? 

When making comparisons between the central 
station and the isolated plant: We must keep in mind 
that in the industrial power plant, of the two factors, 
continuity of operation is the more important, efficiency 








758 


COLFAX POWER STATION 


[Apr. 16 


next. We can always afford to sacrifice efficiency 
for reliability. 

R. H. Keil: As an engineer of one of the steel 
companies there were two thoughts uppermost^ in 
my mind while visiting the Colfax Plant this morning. 
These were first, continuity or reliability of service 
and second, cost of power. Now in the steel plants, 
as Mr. Snyder has pointed out, confnuity of service 
is the important thing, much more so than in the 
average industrial plant, because interruption to 
the power supply means not only an interruption for the 
time that the power may actually be off, but for the 
very much longer period which may be required to get 
mills and furnaces back into operation. This involves 
both the loss due to the spoiled material and, what is 
usually the greater loss, that due to curtailed 
production. 

The ordinary steel plant, which has blast furnaces 
connected with it, can, and usually does generate 
power very cheaply and therefore in order that the 
central station maj^ furnish such a plant with power, 
it too must be equipped to produce power at a very 
low cost. . 

With these two thoughts in mind, I made the in¬ 
spection this morning. Several features of the plant 
layout struck me forcibly. The extreme simplicity 
and straight-forwardness of the scheme in general has 
been emphasized in the paper. Everything about the 
plant, from coal pile to point of delivery of the power 
at the outdoor substation, _ seems to be arranged as 
simply and logically as possible and is so installed and 
safeguarded as to give very reasonable assurance of an 
uninterrupted supply of power. My attention was 
also attracted to the small number of attendants 
required to operate this plant, to the uniformity of 
the load carried, which hung around 52,000 kw., and 
to the low vacuum maintained by the condensers. 
All these things tend toward economy of operation and 
it seems to me that this low cost of operation, coupled 
with the low fixed charges, which should _ apply to 
this station, should enable the Duquesne Light Com¬ 
pany to offer a rate for power, which should be at¬ 
tractive even to a steel plant. 

E. C. Stone; Mr. Galusha shovyed you a map 
giving the routes of the transmission line and locations 
of substations, and also showed you one or two of the 
pictures of the design. Just as much attention was 
given to reliability and the very nearest possible 
approach to continuous service in the transmission 
system as in the power plant. There are one or two 
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points that are perhaps of special interest from the 
operating standpoint. 

In the first place we have the two main plants, 
Brunots Island and Colfax, and it is vitally necessary 
to operate both of these plants in parallel to assure 
continuity of service. 

Furthermore it is essential for this same purpose 
that they stay in parallel, and our operating scheme 
contemplates this solid transmission ring around the 
city as virtually an extension of the power plant bus. 
That of course carries with it the necessity of isolating 
a defective section promptly and_ effectively. To 
accomplish this, very high capacity oil circuit breakers 
have been installed at the power, plant and all the sub¬ 
stations in order to interrupt even dead short circuits, 
if they occur. The manufacturer’s rating of the oil 
switches at the power plant gives them, roughly,_ a 
rupturing capacity of 1,500,000 kv-a., and it is quite 
possible that they will have to perform that service 
before they get through. 

To operate these oil switches a system of relays 
is installed which will automatically cut out a defective 
section of the transmission system. By defective 
section I mean one section of line between station a,nd 
station or one section of substation between the line 
switches and the transformers, or the transformers 
themselves. 

We already have had very forcibly brought to our 
attention the point which some of these steel manu¬ 
facturers have talked about today, the necessity of 
continuous service, and we fully realize that a one 
minute or two minute interruption may be just as bad 
as two or three hours interruption. It is unfortunate 
that electric motors, if they are subject to serious 
voltage disturbance will drop off the line. For this 
reason we have given particular attention to stabilizing 
the high-tension system, and one important feature 
is the resistance in the neutral ground lead. This 
has many advantages, but I want to speak from the 
point of view of reliability of service. _ This ground 
resistance will limit the current flowing into a ground 
fault to a value comparable to the rated capacity of 
one of the generators in the power house. You will 
therefore realize that in the case of a grounded line 
section the flow of current into that section is liniited 
to something that the power plant can very] nicely 
handle and that will not cause an excessive voltage 
disturbance. Probably 95 per cent of the failures of 
high-tension systems are grounds. I therefore believe— 
sorry we can’t speak from experience yet—that even a dead 
break-down of an insulator will not pull enough power 
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to disturb the operation of the system or to incon¬ 
venience in any way the satisfactory performances of 
the motors attached to the system. The arrangement 
which we are installing should cut out the defective 
section promptly, leaving the rest of the system intact. 

I believe this is a very important point, for high- 
tension systems are more subject to grounds than to 
short circuits, so that by eliminating interruptions to 
service from grounds we have taken a very important 
step toward insuring continuity. One gentleman spoke 
of reactance, and I want to say that the reactance of a 
60,000-volt system is very high. A dead short circuit 
fifteen or twenty miles from the power house will only 
take five times the rated power plant capacity. On 
an 11,000-volt system you can easily get twenty-five 
times power plant capacity. The step-up and step- 
down transformers have such high reactance that 
additional reactance in separate reactors is not 
necessary. 

W. E. Clarke: It is interesting to note that the 
Springdale Plant of the West Penn Power Company 
has experienced trouble in eliminating the oxygen con¬ 
tent of the water. The operation at Cheswick is 
extremely satisfactory. along these lines, with water 
temperature varying from 180 to 210 degrees. 

As to the controlling of fans to operate as one unit, 
I would state that this is really a matter of fan design. 
Each fan has the same characteristics, this charac¬ 
teristic being such that pressure, volume and power 
conditions interact and prevent hunting. Any lack 
of uniformity would be evident by blo-wing back, a 
condition which is readily ascertained and corrected. 

Prof. Hirschfield’s question in regard to the consid¬ 
erations which led to the decision that economizers 
should not be installed would lead to an involved story. 
As to the question of bids submitted by manufacturers, 
those that seemed to be the most satisfactory, were in 
general accepted. A study of the economics of the 
situation at Cheswick developed that only when coal 
reached $7.00 per ton, all the factors being taken into 
account, (first cost, maintenance cost, fixed charges, 
etc.) would the installation of economizers pay. 
That is no doubt due to the high cost of construction 
at that period. 

As to Mr. Snyder’s question as to pumps above the 
water level, it would be physically impossible to locate 
the circulating pumps where they would be near ^e 
water level at all times and not subject to a suction 
lift. There is no difficulty in operating pumps as 
we have located them nor in lifting water 15 to 20 feet. 
It is usual, and not otherwise. I am not sure that I 
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understood his question as to the operating of fans on 
ooth ends of the system. The installation of induced 
<ii*aft fans is simply a question of the maximum rate 
or limit at which boiler and furnace are to operate. 
This has been set at 300 per cent, both by the stokers 
£tnd by the draft. 

The difficulties to be encountered in the design of 
steam engines that will operate successfully with a steam 
I>ressure of 275-lb. gage and with a total steam tempera¬ 
ture of about 600 deg. fahr. led directly to the adoption 
of motor-driven stokers. 

On account of the variable speeds required for differ¬ 
ent ratings and because of the fact that fine gradations 
of control are most desirable, d-c. motors were adopted. 

As to the name of the station, Colfax is the name of 
"tine Borough, stations being usually named by their 
geographical location. 

D. L. Galusha: Replying to Mr. Brown’s question 
as to why transformers were placed in-doors. It is 
of course perfectly proper these days to place trans¬ 
formers out of doors where conditions warrant that 
procedure as we have done in the substation design. 
The two principal criteria on which to base the con¬ 
clusion are reliability and cost. Although at first 
sight it may appear that it would cost more to put the 
transformers inside, I can assure you that it did not. 
-A_n outdoor installation for the ultimate station would 
hiave cost $500,000 more than an indoor installation. 

For an outdoor location at this site it would be nec¬ 
essary to go up or down stream, beyond the power station 
building, and to carry current to that point at 12,000 
volts. The cost of this 12,000-volt transmission ac¬ 
counts for the large difference just indicated. 

As to the matter of reliability, the same fundamental 
results have been obtained indoors as would have been 
the case outdoors, by the use of equivalent spacing of 
parts. Ease of inspection and repair, it seems to me are 
all on the side of the indoor location. 

I think that Mr. Snyder’s questions have been very 
largely answered by Mr. Stone. In answer to his 
question as to how you could get going in a central 
plant in case of shut-down, I would say that the pro¬ 
cesses would be practically the same as those for an 
isolated plant. 

He asked why the substations were located in the 
woods. The locations of the substations are not so 
far away as he assumes. The substation he mentions 
is only three miles from the Rankine power station. 

I think Mr. Snyder properly took exception to my 
remark that continuity of power in isolated plants is 
of secondary importance in certain cases. I have no 
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doubt that in Mr. Snyder’s plant that is not true._ I 
was thinking of the average isolated plant. The im¬ 
portance of continuity in the steel business is so great 
that I have not the slightest doubt that in his plant 
continuity of service does come first, but I claim that in 
the average plant my statement is correct, that con¬ 
tinuity of power is secondary to output of the product 
manufactured. Those who are in a position to check 
me will bear me out that continuity of service does not 
take the place of importance in the average isolated 
plant that it does in the central station. 
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PERSONAL OBSERVATIONS IN THE INDUSTRY 
President’s Address 

BY ARTHUR W. BBRRESPORD 

I F, in the selection of a subject upon which to ad¬ 
dress you, I have gone further afield than the pro¬ 
fession of electrical engineering, or, indeed, have 
seemed to go even beyond the domain of the engineer, 

I trust that you will not lose sight of the fact that 
whatever benefits industry as a whole, benefits the 
engineer; and again, if I seem to doubt the possibility 
of the engineer being competent in himself to solve 
all of the problems of our complicated civilization, I 
trust you will not consider me as holding him to be 
without function. 

It is true that I am not in entire sympathy with what 
appears to be a growing feeling that the engineer may, 
with advantage, invade all fields of effort, and I think 
I perceive a growing resentment toward this conception 
of the engineer’s function. I am not at all certain that 
the engineer should presume to advise in the relation 
between employer and employe, nor that he should 
consider himself competent to adjust the many prob¬ 
lems which arise in commerce and industry. Is it 
not possible that the qualifications of the engineer have 
been confused with the methods of the engineer, and 
may it not be possible that what is desired is the ap¬ 
plication of engineering methods rather than the 
engineer in person? 

However, this divergence in viewpoint might be 
reconciled—^if there be not too much of heresy in the 
suggestion—by assigning the title of “engineer” 
(although of a class not yet provided with a distin¬ 
guishing descriptive adjective) to those who are doing 
creative work in industry and commerce based on the 
application of these same engineering methods. If 
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this lack of heresy be conceded, then is what I have to 
say proper for your consideration. 

. outstanding characteristic of the present-day 
civilization is organization—the almost involuntary 
gathering together in groups of those possessed of 
interests in common; usually, in the beginning, that 
there may be facilities for the interchange of views on 
matters which engage the daily thought. This is the 
stated object of our own organization. Sooner or 
later, however, the possibility of other activities be¬ 
comes evident and inevitably the initial purpose of the 
association is broadened and work is undertaken which 
results in common good. In the measure in which the 
purpose is altruistic and the element of self-interest is 
lacking, or enlightened, the accomplishment benefits 
not only the actual members, but industry as a whole, 
the community and the nation, and ultimately the 
world in which we live. 

From the instinctive nature of their conception, 
these associations, however well-conceived for their 
specific purpose, will not be formed in accordance with 
some well-considered and throughly-planned scheme, 
resulting in a properly rounded and carefully calculated 
whole, but, on the contrary, will present to a broad 
view the impression of a series of unrelated bodies, 
each going forward in its own way, and, to an extent! 
Ignoring the interests they have in common, until 
consideration is forced by some duplication of effort 
or conflicting action. 

This condition has long been recognized and was 
under discussion when I became connected with the 
Institute as an associate member some twenty-five 
years ago. The thought then was that the Institute 
should be the dominant body in the industry, embracing 
all branches of activity and permitting the concentra¬ 
tion of all available knowledge and experience on any 
^ven problem. The possibility of such an organiza¬ 
tion, or at least of a council, in which all might be 
represented, is still under discussion. Progress, how- 
other lines, and today the prob¬ 
abilities are that such an organization would fall 
because of its very breadth and its consequent inability 
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to deal with other than the broadest problems sus¬ 
ceptible only of the most general of solutions. There 
would not be the concentration of interest necessary to 
the accomplishment of tangible results. 

The major problem of the present day is the edu¬ 
cation of the mass of the people to the perception 
of true values. Most of our difficulties result from 
the honest misunderstandings of honest men—mis¬ 
understanding of speech, act or motive—with conse¬ 
quent growth of suspicion and inability to evaluate 
the opposing viewpoint. This is true of the employer- 
employe relation. It is equally true of the competi¬ 
tive relation. It is no less true of the relation of in¬ 
dustry and government. If the condition is to be 
removed and the interest of our whole people advanced, 
the only certain procedure is through adequate edu¬ 
cation. In the employer-employe relation this can 
be carried on most effectively in the ultimate unit, 
namely, in the individual plant, and by those directly 
interested. In the industry it can be accomplished 
only through the understanding that comes from 
contact and interchange—as between industry and 
government only by the presentation of mass view 
of the industry, setting forth adequately, accurately 
and honestly the general need of all. 

In other than matters of direct interest, such as 
the employer-employe relation, the association, for 
whatever purpose originally devised, forms the natu¬ 
ral and obvious means of carrying forward this pro¬ 
cess of education so vital to our future. Men meet 
and weigh each other. Trust is born of knowledge 
and there follows the^ death of mistrust born of ignor¬ 
ance. Views are interchanged and opinions crystallize. 
Intelligent analysis determines the underlying funda¬ 
mentals and does not mistake the symptom for the 
disease. The diagnosis properly completed, the remedy 
becomes apparent, and the policies based on the funda¬ 
mental principles may be followed in the certainty that 
their consistent and persistent observation will ulti¬ 
mately produce the desired result, however long the 
interval. 

But no single association can* do this for an industry. 
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It becomes necessary that all be represented. Par¬ 
ticularly is this true in relation with government and 
governmental functions. No single group—whether 
corporate or associate—may assume to present the 
interest of the whole without arousing the suspicion 
that self-interest is present, as at least a considerable 
motive. Nor can it hope to be continually successful 
in this procedure, however much it may appear to 
accomplish initially. 

These statements are so obvious as to appear trite, 
but how frequently one hears it said that the asso¬ 
ciation operates mainly to the advantage of the minor 
interests; that the large corporation, complete in it¬ 
self is self-sufficing; that it could and does perform 
for itself all that may be possible through association, 
and that in consequence it contributes to association 
by far more than it receives. The essential lack of 
soundness in this view is immediately apparent, how¬ 
ever, when one considers the entire industry and the 
relation thereto of the large corporation. 

For the proper development and economical opera¬ 
tion of any industry, the major interests in that in¬ 
dustry must have the understanding, support and 
good-will of those less important. This is true in 
direct ratio as the policies of these major interests 
are enlightened, broad and far-sighted. The human 
instinct of caution, emanating from centuries of need 
for self-protection, breeds both suspicion and jealousy 
of power. The policies of a minor manufacturer may 
be directly contrary to the interests of an industry 
as a whole, not by intent, but by reason of a limited 
point of view. He would be entirely willing to re¬ 
verse these if there were clearly set before him the 
certainty of ultimate unfortunate result to himself 
as well as to others, but without this understanding 
any instance of interfering procedure by a major in¬ 
terest is certain to be interpreted as an assault upon 
his business for competitive reasons. He will, more¬ 
over, ascribe the success of such procedures to a wrongly 
held and unfairly exerted power by the large corpo¬ 
ration rather than to its true cause, and he will be 
sincere in this attitude. The result must be an in- 
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crease of suspicion, based on misunderstanding; of 
jealousy and resentment, based on a sense of personal 
injury; of mistrust, based on fear of future repetition. 
All of these breed waste and destructive competition, 
increase the ultimate cost and reduce distribution, with 
consequent injury to the industry as a whole and to 
the individual units which compose it—whether large 
or small. 

If, on the contrary, the major interest, by contact 
and consideration, secures the trust and understanding 
of the smaller man, and if it proceeds still further 
and puts before him the facts and conditions which 
determine its policies, which data he has neither the 
facilities nor the opportunity to acquire for himself, 
thereby increasing his understanding and broadening 
his viewpoint, much that is otherwise impossible be¬ 
comes practicable. It may be unfair that the larger 
interest should be called upon for the expenditure of 
time, money and patience necessary to this process of 
education and the devotion to it—as will initially be 
necessary—of their best minds, but their advantage 
is largely concerned and their ultimate success involved. 
The association provides the opportunity for this pro- 
cedure. 

From the industry’s standpoint, therefore, the prob¬ 
lem becomes the correlation of the necessary asso¬ 
ciations into a representative coordinating body and 
the direction of the combined effort in such manner 
as shall insure such advantage to its members as is 
consistent with the rights of others and the best 
interest of the public. 

It is immediately evident, however, that the se¬ 
curing of this advantage to an industry—to the corre¬ 
sponding advantage of each division thereof includ¬ 
ing that of engineering—^involves the correlation not 
merely of engineering associations, but of all associ¬ 
ations interested—whether commercial, non-commercial, 
scientific, or serving some special interest. 

I sometimes feel that we of the non-commercial 
hold ourselves too much aloof from those organi¬ 
zations whose function is apparently the promoting 
of the material advantage of their membership. There 
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may be, and is, as high an idealism in industry and 
commerce as in pursuits termed '‘non-commercial/' 
and more than one operation of magnitude has been 
instituted and quietly carried through with far less 
of thought of ultimate profit than of the service to 
be rendered to humanity. We have every-day instance 
of something done for the general good and because 
it is right, that bespeaks a high-mindedness which 
those who pride themselves on freedom from commer¬ 
cial incentive may well admire. 

And let us not forget that in the end the major 
incentive to result is self-interest and that properly 
educated and enlightened self-interest may accom¬ 
plish niore than a less practical altruism, and with 
no sacrifice of ideals. 

Our portion of the work may be to increase the per¬ 
centage of idealism, while at the same time encourag¬ 
ing the proper operation of this major incentive of 
self-interest which is absent from few or none; to direct 
it along broad and well-considered lines of principle 
and policy, with the elimination of opportunism, and 
to the end that each may strive to profit with the other, 
rather than at the expense of the other. There is 
nothing of communism in this. The reward of each 
will still be a function of his effort and ability, but 
there will come understanding of the reasons for the 
disparity in reward instead of revolt against a seeming 
unfairness, discontent with one^s self and consequent 
increased effort,^ instead of jealousy and dissatisfac¬ 
tion wnth conditions; a coordinated working along 
well-defined lines, rather than individual attack at 
possible cross purposes, arising from restricted knowl¬ 
edge of the problem in its entirety. That such pro¬ 
cedure must make for the maximum of progress in 
whatever line of activity it may be applied is self- 
evident. 

Our own branch of industry is peculiar in pos¬ 
sessing all of The elements present in any other and 
many in addition—all of the problems of manufac¬ 
ture and construction, together with specific problems 
demanding knowledge of almost every other branch 
in order that proper application of our product may 
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be assured; an extended engineering content; a de¬ 
pendence on pure science and mathematics by far 
greater than any other of which I have knowledge 
and a more than ordinary interest in government 
relation—national, state and local—by reason of public 
service content. What other branch of industry 
involves so many factors? It would seem, therefore, 
that could we offer a solution for some of our own 
major problems, we would be pointing the way for 
all industry and that we might anticipate its con¬ 
currence and support in what we may initiate. 

I have said that the major problem of the day is 
education, the major phenomenon organization, and 
that within the industry, organization—properly corre¬ 
lated—furnishes the obvious medium for the process 
of education; the question being to secure such cor¬ 
relation. 

I believe this correlation could be attained if the 
broad fundamental principles underlying the industry 
could be enunciated, and if there could be developed 
therefrom the operating policies which the industry 
should follow. The proper and adequate performance 
of this task would secure the assent of all elements, and 
while permitting each organization to preserve its 
individuality unchanged would direct procedure along 
parallel lines leading toward the common goal. The 
points of common interest would be quickly and con¬ 
spicuously developed and cooperative, harmonious 
relations thereon instinctively established. 

Who is most competent to perform this task?^ It 
seems to me that there will be required the best minds 
of the industry—the men of the broadest viewpoint 
and experience and of the widest contact with all of 
the phases of our work. Where shall we look for such 
men? It is my opinion that they will be found in the 
executive personnel of our great corporations. The 
constructive ability, knowledge and grasp of affairs, 
keen perception of values and idealism which have put 
these men in these positions, and without which there 
could have been no such accomplishment, must result 
in their becoming the leaders, and, in the main, the 
doers of this work. That they could in no way more 
surely serve their own interests is beside the point. 
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If they undertake it, they will do so from the broader 
viewpoint of rendering that service to their fellows for 
which they are the best qualified. That they will 
undertake it, I believe. 

Assuming such a correlation, let us develop one 
or two of the problems which confront our own industry, 
and, in var3dng degree, other industries, and apply 
the factors which we have been considering. The 
appreciation of the ultimate dependence of industry 
on science and the consequent vital importance of 
research is of too recent birth to have attained general 
realization. The statement is accepted as a matter of 
course, but it has not come to be an actual, living, 
daily reality in the minds and life of most of us. That 
it will ultimately be so recognized is certain, and pos¬ 
sibly in the near future. This being the case, how are 
we providing for it? The larger corporations are 
maintaining research laboratories—have been forced 
to do so by the demands of the industry—in which 
the bulk of this work has been directed toward the 
solution of specific problems, the results of which are 
generally conceived to be for the benefit of the corpora¬ 
tion individually, and in part may be so initially. 

The universities are carrying on research work in 
their laboratories to an extent determined by their 
financial resources and the initiative of their personnel; 
mostly of abstract nature, directed to the solution of 
general problems, chosen largely, and sometimes I 
think mistakenly, for the absence of applicational 
content. 

The Bureau of Standards, under government 
auspices, and in the interest of the country’s industry, 
is performing work of both types. 

There are certain privately operated laboratories 
whose services may be employed by the industry in 
general for the solution of specific problems. 

To determine how the work as a whole should be 
correlated to secure the maximum progress requires an 
understanding of the conditions. 

The first conception which it seems necessary to 
establish is that all research is in the public interest— 
whether applied or abstract, and irrespective of whether 
its immediate object is the specific advantage of the 
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concern or person undertaking it, or simply the in¬ 
creasing of the sum of human knowledge. 

hJo one will Question that abstract research, forming, 
as it frequently does, the foundation of important 
industrial advance, and given to the world without 
restriction, is definitely in the public interest. There 
may be those who question the content of what may 
be termed “practical applications” and who would 
limit investigation to the more promising possibilities, 
but the past gives ample warrant for future expecta¬ 
tion, and no man can say in advance where value inajf 
be found. Much that today seems of no practical 
value may simply be awaiting the key discovery which 
will be found by no process other than that of this 
constant search for fundamental truth. ^ 

The misunderstanding seems to lie in the so-called 
“applied or applicational research,” usually directed 
toward a specific problem, the solution of which be¬ 
comes, under our patent system, the exclusive property 
of the instigator and a consequent source of gam. Is 
not this as it should be? Without this incentive no 
corporation could justify to its stockholders the neces¬ 
sary expenditure, and but few individuals would 
possess the necessary resources; for not every ProWem 
is solved and many months are spent in work that 
brings no fruition. Moreover, the period of exclusive 
use is limited and but short compared with the tune 
during which the solution may ultimately be free y 
used by all. Again, the public as a whole usually 
reaps the benefit of the solution during this period of 
exclusive use and is advantaged in such degree as to 
make the reward to the owner small m comparison. 
A corporation laboratory produces ductile tungsten. 
During the life of its monopoly its profits may be ^eat, 
but they are insignificant compared to the millions 
that are saved to the many who employ it in the in¬ 
candescent lamp during this period, which sa^vings 
will continue in effect long after the period o exc usive 
use is past. An improvement in the art of speech 
transmission may result in increased gain to the cor¬ 
poration controlling it, but it decreases the cost of 
the telephone to the user (or increases his possibilities 
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at a given cost) even while the patent monopoly con¬ 
tinues, and thereafter for all time. This is true in some 
de^ee of every successful applicational research 
in that all research is 
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must increase the possibilities. An incentive must be 
offered to induce temperamentally fitted men to under- 
take this career and to become largely qualified, else 
industry will go begging for the men it will need in 
increasing quantity for its applied research. It may 
fairly be said that this condition is with us today and 
that with the increasing demand there is danger that 
the universities will lose in practical totality those who 
must be depended upon to keep alive the spirit and 
train the men who are up-coming. Men now exist 
in reasonable number, whose devotion and achieve¬ 
ment in this field are an inspiration and an example 
for emulation among their co-workers which is of far- 
reaching effect. Given even a minimum of encourage¬ 
ment the future will continue to evolve them, and 
once in a generation or so a genius. 

In the general consideration of such men in relation 
to organization, may I divert for the moment and 
offer a word of caution? Genius works not too well 
in harness and are there not already, both here and 
elsewhere, indications of a feeling that too much cen¬ 
tralization and coordination may hamper or even 
cripple rather than facilitate? 

I know of but one instance (there may be others) in 
which industry has begun formal consideration of its 
relation to research in the universities. In February, 

1919, the Michigan Manufacturers Association brought 
to the attention of the regents of the University of 
Michigan the desirability of establishing closer rela¬ 
tions between the university and the industries of 
the state, realizing that in so doing an appreciable 
degree of cooperation would be through channels of 
research. The Regents’ Committee considered the 
matter and favorable action was taken in January, 

1920. The first meeting of a combined committee 
was held on May 27, 1920, and that committee is 
busied with the many questions involved. Where 
state universities exist no action could be instituted 
which promises more of ultimate value to the com¬ 
munity. 

If, then, industry must take the initiative, if only 
in its own interest (although I believe the action 
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will be on broader grounds once the condition is ap¬ 
preciated) can it again do better than to secure the 
concentration upon the problem of the best minds 
that it possesses and to determine what is to be the 
relation and what course to pursue? I conceive that 
those most competent to form such an opinion are 
those who have the broadest knowledge of our industry 
and the largest experience with the problems and ad¬ 
vantage of research, and again I conceive these men 
to be the best minds in our major corporations, irre¬ 
spective of position—whether commercial, engineer¬ 
ing, or purely scientific. • • i. 

Consider the governmental relation as existing be¬ 
tween the industry and the Bureau of Standards, in 
whose operations, by reason of our diversification, 
we have more than ordinary interest. During the 
last few years, I have heard many expressions of dis¬ 
satisfaction with certain Bureau actions and activ¬ 
ities, and have heard various causes assigned, among 
which were the belief of an existing total miscon¬ 
ception on the part of the Bureau of its proper relation 
to the public; a feeling that the Bureau constraes 
its function to be that of protecting the public against 
some possible unfair act or aggression of the so-called 
corporate interests, and that in consequence there is 
being bred in its people an unjustifiable suspicion of, 
and antagonism to, those who are engaged in opera-, 
tions for profit, and a lack of recognition of the fact 
that they also are part—and a useful part of that 
same public; that this misconception, together with a 
seeming need for the initiation of activities which 
should directly appeal to the popular mind in order 
that appropriation committees might be impressed, 
are carrying the Bureau beyond its proper scope and 
into fields of work for which it is ill-fitted—which 
fields could be covered to far ^eater advantage by 
other agencies and methods—and that in consequence 
distinct damage is being done. Doubt is even expressed 
of the actual desirability of the Bureau. 

These are formidable allegations and must have 
their foundation in some measure of truth or in mis¬ 
understanding. In any event, they are serious and 
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if either the conditions or the misunderstandings are 
not eliminated, definite harm will result. 

The conception of the elimination of the Bureau 
is surely exaggerated. It requires but little considera¬ 
tion to determine that the maintenance by the govern¬ 
ment, and under conditions beyond suspicion of im¬ 
proper influence, of a central authority, dealing at 
least with weights and measures, is essential. That 
the scope of such an activity may well be extended 
beyond so limited a function seems equally evident. 
My own conception is that it may helpfully be broad¬ 
ened to the determination and establishment of all 
matters of physical fact, but that it should stop short 
of matters of opinion or economics, but I may be too 
conservative. The obvious condition is that diver¬ 
gence of opinion exists, and that there will be in¬ 
creasing lack of harmony unless this divergence is 
removed. 

The Bureau has undoubtedly devoted much thought 
to the course it has adopted. How much real con¬ 
sideration has the industry given to the subject? Is 
not the situation an instance of two groups, each pro¬ 
ceeding along its own preconceived line, until the 
attention of each is concentrated on the other by an 
apparent conflict of interest? If the scope of the 
Bureau’s work is of direct interest to the industry— 
and it seems to me to be of vital interest—then is 
the situation sufficiently serious to demand the most 
careful consideration of the industry—and sufficiently 
acute to demand it immediately. 

As to the personnel of the Bureau, I know of no 
more unselfish, self-sacrificing, patriotic body of men. 
I have yet to meet one who has given his personal 
interest even the consideration it merits. If these 
men are not proceeding along the most helpful lines, 
it is because of a mistaken conception of what is their 
duty. Whatever they are doing, they are doing 
honestly, and there is always a complete willingness 
to discuss freely and fairly any objection which may 
be urged. If such misconceptions exist, how much 
has the industry done to correct them? These men 
are not of commercial type, nor are they in touch 
with affairs. How is it to be assuinqd that they will, 
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out of pure instinct, foresee all of the effects on our 
complicated industrial structure of some activity under¬ 
taken by them in all honesty and apparently in the 
interest of all? To what extent has industry striven 
to make clear its condition, instruct the Bureau in 
its problems and convince the Bureau of its good 
faith? Is there any other method of curing whatever 
undesirable condition may exist in this respect? 

Again, if there actually exist conditions which have 
induced what industry may consider as an undue ex¬ 
pansion of the Bureau’s field in order that the impor¬ 
tance of the Bureau may be enhanced in the minds of 
members of Congressional Appropriations Committees, 
then is not the industry to blame for these conditions? 
If, in the interest of the farmer, it is deemed necessary 
and desirable that millions be spent in agricultural 
research—and not only public opinion, but the re¬ 
sults of record affirm the wisdom of this expenditure— 
is it not incumbent on industry similarly to make clear 
to the government its needs and demonstrate to it 
and to the public the importance and necessity of 
meeting them? The amount required is far less than 
the expenditure for agricultural research and the 
value of the products affected is of at least the same or¬ 
der. Is it consonant with the dignity of the Bureau 
and the men who give their lives to its work that 
they should be obliged to manoeuvre for the nec¬ 
essary support, and that when given, it is so meagre 
that the work is hampered and the men themselves 
so poorly compensated that many, contrary to their 
own desire, but purely that their families may live 
in reasonable comfort, have been obliged to terminate 
their career of public service and take up more gainful 
occupation? I conceive it to be the prime duty of 
the industry, first, to agree on what shall be the scope 
of the Bureau; second, to educate the Bureau in its 
conditions; and, third, by demanding that its interests 
be heeded, to secure the adequate, support of the 
Bureau. 

Only a united industry—commercial and non¬ 
commercial-can do this. The electrical industry, 
by reason of its greater interests, should initiate it 
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and carry forward, through its associations, the nec¬ 
essary process of education; and, again, I believe 
that these same leaders of the industry are most 
competent to determine the fundamentals and the 
policies by which we should be guided. 

My conception, then, is that the immediate need 
of the industry is the enunciation of what are its 
fundamental principles, the statement of what should 
be its working policies and the outlining of what should 
be its relation to the major problems which confront 
it; that there is a sufficiency of organization and of 
interrelation of organization; that there should be 
added only cooperation for specific objects where 
process or legitimate interest directly indicates its 
desirability; that the matters in which this coopera¬ 
tion may be applied and the agencies between which 
it is necessary will be made evident only by the broad 
analysis suggested; that once made evident it will be 
instinctive, effective and efficient. 

There may be disagreement with my feeling that 
this analysis would best be made by men in the cor¬ 
porate relation and the thought may be that it would 
better be done by conference of the industry’s or¬ 
ganizations, since if this procedure were followed any 
suspicion of an undue degree of self-interest would 
be eliminated; but I ask consideration of how cumber¬ 
some would be the procedure and how small the 
probability of reasonable expedition in reaching re¬ 
sults. The mere fact that numbers of men would 
be engaged instead of four or five would make for 
extended deliberation, and time is an essential element. 
Moreover, it is evident that the prononucement. 
when made, would be accepted by the industry only 
in the degree that it embodies the breadth of view 
and the knowledge which these men possess and the 
honesty of purpose which I am certain they would 
bring to the task. My belief is that it would be thor¬ 
oughly acceptable. It is no small service to ask of 
them, but again I am confident that it will be rendered 
willingly if the industry realizes its importance, agrees 
as to the method and makes the request. 
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ANNUAL REPORT OF THE MINES COMMITTEE 

To the Board of Directors: 

HE Chairman of the Mines Committee of the 
A. I. E. E. for 1920-21 has had the honor of being 
also the Chairman of a similar committee, the 
Mine Equipment Committee, of the A. I. M. E. 
It has been the endeavor during the past year to have 
the two Committees work together since the object 
of these Committees is very much the same. 

A meeting of the Committees was held in Chicago 
in November of 1920 at which time it was decided that 
one of the best methods to work together would be to 
foster joint meetings of the local sections of the 
A. 1. E. E. and A. I. M. E. By these meetings, it was 
hoped that various engineers in the local sections 
interested in mining subjects could be brought together 
and not only become better acquainted, but could be 
greatly benefited by the interchange of ideas and by 
the discussion of papers presented on mining subjects. 

It was also decided that, both Committees should 
encourage the writing of papers on mining subjects to 
be presented, either at local section meetings or at the 
National meetings. 

It was also decided that these Committees should 
work in conjunction with the American Mining Con¬ 
gress and the American Engineering Standards Com¬ 
mittee in developing standard practises for both coal 
and metal mines in the United States. 

The first combined meeting of the local sections was 
held in Pittsburgh on January 18, 1921, the meeting 
being held at the Bureau of Mines. An afternoon 
technical session was held at which a paper was pre¬ 
sented by F. W. C. Bailey on the subject of “Power 
Rates for Coal Mines.” This paper was well received 
and produced an active discussion. Following the 
afternoon meeting, a visit was made through the Bureau 
of Mines Buildings, after which dinner was served at 
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the same place. The evening session was held in the 
auditorium of the Bureau of Mines and a paper was 
presented on “Gathering in Coal Mines” by R. Kings- 
land of the Consolidation Coal Company of Fairmont, 
W. Va. Both afternoon and evening papers have 
been submitted to the Publication Committee of the 
A. I E. E. for publication in the Journal. 

A second combined meeting has been arranged to 
take place in Chicago on April 25th. This meeting 
will be participated in by the Electrical Section of the 
Western Society of Engineers, the Mining Section of 
the Western Society of Engineers, the Iron & Steel 
Electrical Engineers of Chicago, and the Chicago 
Section of the A. I. E. E. Two papers will be pre¬ 
sented as follows; “Diversity Factor of Coal Mining 
Loads” by Carl Lee, Electrical Engineer, Peabody 
Coal Company; and “Power Distribution Systems 
for Coal Mines,” by W. C. Adams, Allen & Garcia 
Company. 

The Philadelphia Section has agreed to have a com¬ 
bined meeting, but wishes to put it off until the Pall 
of this year as it has recently held two combined meet¬ 
ings with the Engineers Club of Philadelphia and does 
not wish to have another combined meeting in the 
near future. 

It is hoped during the present year to have addi¬ 
tional combined meetings in some of the Western 
States. 

Progress of Electrification of Mines 

Until recently, the coal mines of the United States 
have been particularly active and the price of coal has 
been such that most mining companies have had a 
fairly profitable season. This has enabled a great 
many mines to establish improvements in the way of 
electrifications that they had been looking forward to 
for some time. A few years ago, the central stations 
were having a very difficult time to persuade the coal 
mining companies that they could sell them power 
cheaper than the coal mining companies could pro¬ 
duce it themselves. Recently, the conditions have 
been somewhat reversed and in many cases the central 
stations have found it necessary to refuse coal mine 



TECHNICAL COMMITTEE REPORTS 781 

loads on account of having no surplus capacity. In 
the large majority of cases, it is not difficult to show 
a coal mining company that it can operate its mines 
more economically from purchased power than from 
its own power plant. 

Isolated power plants are being installed in some cases 
where central station power is not available, and also 
where the operator feels that central station power is 
not as reliable as his own plant would be. This is 
particularly true where the coal mining plant is throw¬ 
ing away fairly high grade waste coal and where a stand¬ 
by steam plant is kept in operation to take care of opera¬ 
ting the auxiliary hoist and fan in the case of power 
failure. The tendency in isolated plants is to install 
geared turbines up to a capacity of 500 kw., and above 
this capacity the direct connected turbine. The 
turbine installation makes a much simpler plant to 
operate when compared to the old engine-type stations 
and turbine plants have records of long continued 
operation with practically no interruptions and a very 
low cost of operation. 

The synchronous converter is becoming more popular 
each year for mine service. This is due largely to the 
improvement in converter design which makes this 
apparatus as strong and simple to operate as the 
motor-generator set, with the advantage that it takes 
up less room and is much more efficient. 

The most important development during the last 
year has been that of the automatic substation for 
mine service. One of these plants has been in success¬ 
ful operation for several months and several more are 
being built. The automatic substation has the ad¬ 
vantage that it performs all of the operations that are 
necessary in a substation at the proper time and much 
better than could be accomplished by manual opera¬ 
tion. The automatic equipment makes no false moves 
and in case of trouble of any kind, acts on the safe 
side and shuts down the station if necessary. It is 
felt that in the future, the automatic substation will 
play a very prominent part in mine installations. 

The electric hoist is rapidly replacing the steam 
hoist to such an extent that a steam hoist is rarely 








782 TECHNICAL COMMITTEE REPORTS 

installed in a new mine. Tlie large majority of hoists 
for coal mines is of the alternating-current type using 
a wound rotor induction motor with the magnetic type 
of control. Recent improvements in the control and 
safety devices make the electric hoist practically 
fool-proof and serious accidents are of very rare 
occurrencei A few installations have been ma e 
using the Ward Leonard system of control and fly¬ 
wheel motor-generator set. The Ward Leonard con¬ 
trol is necessary where very fast hoisting cycles are 
required and the flywheel is necessary where the 
customer is penalized for momentary peaks. 

The past year has seen a continuation of the develo- 
ment and application of magnetic control to mine 
locomotives. The demand for the individual ^pacity 
of mine locomotives has been increasing until it be¬ 
comes very difficult to supply a dnirn type contro ler 
for 250-volt service. The magnetic type of control is 
a very satisfactory solution for this problem, and a 
number of such locomotives have been recently in¬ 
stalled. The large unwieldy drum controller is re¬ 
placed by a small master controller which takes away 
a considerable element of danger from the motorman’s 
position. The main controller, consisting of magnetic 
contactors and reversers, can be distributed back in 
the locomotive, preferably suspended from the under¬ 
side of hinged covers which enables the equipment 
to be inspected readily and repaired. The use of 
magnetic control has greatly simplified tandem opera¬ 
tion. With drum-type controllers, it is necessa,ry to 
mount a large four-motor controller on the primary 
.unit, a two-motor controller on the secondary unit, 
and the two units connected together by a large number 
of heavy power cables, when tandem operation is 
required. With magnetic control, the two units 
are identical and the only connection between the 
units required is one power cable and a control cable 
consisting of nine control wires. The advent ^ of 
magnetic control makes it necessary for the mining 
companies utilizing it to furnish better voltage regula- 
tion for the mine circuits which in turn will save 
considerable power loss and also keep down repairs 
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on mining equipment, which repairs in the past have 
been largely due to poor voltage regulation. 

A number of improvements and new features have 
been added to the construction of mine locomotives 
during the past year. Of these, the most important 
are the substitution of the leaf type spring for the 
helical type of spring, the installation of the end-thrust 
type journal box, the use of equalizers on two-axle 
locomotives, the application of detachable rims to 
locomotive wheels and the more general application 
of d 3 mamic braking on mine locomotives. The value 
of these various improvements can only be determined 
after a thorough trying out. 

Metal Mining Industry 

The metal mining industry has been particularly 
quiet during the last year due to the low value of 
practically all metals excepting iron and steel. In the 
copper mining industry, one of the recent improvements 
has been the installation of a motor-driven turbo 
blower to replace a Root type for such service as air 
for cupolas, converters and flotation cells. These 
blowers require high-speed synchronous motors which 
are of the turbo type. 

The metal mines have been doing a little work 
toward revamping their plants and installing new 
equipment, but this, of course, has been greatly ham¬ 
pered by the poor market conditions. 

Shovels and Drag Lines 

Electric power is gradually replacing steam on 
shovels and drag lines where electric power is avail¬ 
able. There are at present, two systems being used, 
one the a-c. in which wound rotor induction motors 
are used to operate the various parts of the shovels 
and drag lines. The other system is to use d-c. mill- 
type motors receiving power from a synchronous 
motor-generator set. The motors are operated by 
rheostatic control. A recent development is being 
watched closely by all engineers interested in the 
handling of shovels and drag lines. This consists of 
d-c. motors on the shovels receiving power from the 
synchronous motor-generator set with a separate 
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generator for each motor. Ward Leonard control 
is used and the advantage of the system claimed-is 
that all rheostatic losses are eliminated and the momen¬ 
tary peaks are kept off the power system. It is hoped 
that during the next few months sufficient data will 
be obtained to determine the feasibility of this system 
and its economy when compared with the other two 
systems. 

Car Dimper 

During the past year, some very important in¬ 
stallations of car dumpers have been made at the 
Atlantic ports. These ear dumpers are increasing in 
size from year to year and there has recently been 
placed in operation at Baltimore the largest car dumper 
as yet constructed. This car dumper requires four 
of the largest mill-type d-c. motors built on the cradle 
hoist, all operated from one master controller. It is 
felt that if these car dumpers increase further in size, 
it will be necessary to utilize the Ward Leonard control 
system. 

A very interesting installation of grain car dumpers 
has been placed in operation during the past year at 
Baltimore. This car dumper takes care of unloading 
box cars filled with grain, with practically no manual 
labor. All motions are interlocked, so that it is 
practically impossible for the operator to make the 
wrong move and cause any considerable damage. 

Ore and Coal Bridges 

There has been little change in the type of equipment 
for ore bridges during the past year, but in regard to 
coal bridges, the largest one ever built has been in¬ 
stalled and placed in operation by the American Bridge 
Company at the By-Product Coke Plant of the United 
States Steel Corporation at Clairton, Pa. This bridge 
is by far the largest ever constructed and it is expected 
to take care of a very large tonnage of coal from barges 
in the river to storage-piles, in order to insure a steady 
supply of coal to the coke ovens at Clairton, which is 
the largest by-product coke oven plant in the world. 

By-Product Coke Oven 

During the past year, an advance has been made in 
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the design of locomotives for quenching service in and 
about by-product coke ovens. The latest type of 
locomotive is equipped with electropneumatic control 
having not only automatic acceleration, but also the 
ability to operate on any notch. These locomotives 
weigh about 25 tons each and have a number of new 
features in regard to mechanical arrangement of parts 
that are quite an improvement over the past type of 
construction for quenching locomotives. 

The coke-loading locomotives at the Clairton plant 
are of the combination type, using remote control 
while the coke train is being loaded. These locomotives 
have been operating very successfully during their 
second year, and have affected a large saving over the 
older scheme of using steam locomotives, or the cable 
haul. It is felt that in the future there will be a con¬ 
siderable call for the remote control of locomotives and 
cars, not only around coke plants, but also where large 
amounts of material are to be handled over fairly 
great distances. 


Graham Bright, Chairman. 
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ANNUAL REPORT OF INSTRUMENTS AND 
MEASUREMENTS COMMITTEE 

To the Board of Directors: 

The Instruments and Measurements Committee 
submits the following report containing a brief state¬ 
ment of its own activities, brief mention of significant 
papers issued during the year and as comprehensive 
a statement, as can be briefly condensed into a report 
of this character, of the progress in the electrical field 
covered by its title. 

The committee arranged for a number of papers 
for presentation at the Midwinter Convention in 
February and had a session assigned to it. The 
papers presented at the session are as listed below: 

Regulation of Frequency for Measurement Purposes, 
by B. H. Smith. 

Measurement of Relative Eddy^ Current Losses in 
Stranded Cables, by J. A. Cook. 

An Electromagnetic Device for Rapid Schedule 
Harmonic Analysis of Complex Waves, by F. S. Dellen- 

baugh, Jr. . . 

The Limitations of the Stopwatch as a Precision 

Instrument, by A. L. Ellis. 

The paper by Mr. A. L. Ellis, listed above should 
be considered as related to the paper by Mr. H. B. 
Brooks which was presented last year under the title 
of the Accuracy of Commercial Electrical Measure¬ 
ments. This paper by Mr. H. B. Brooks, it was 
hoped would contain an analysis of the characteristics 
and limitations of the stopwatch, as well as the purely 
electrical instruments. This could not be included, 
however, and it was felt by the committee this year 
that it would be desirable to have such a paper on 
record. The paper was, therefore, prepared by Mr. 
A. L. Ellis and serves very well indeed to supplement 
or complete the very thorough paper presented the 
year before by Mr. H. B. Brooks. 

In addition to the papers referred to above, other 
papers or articles are listed below which seem of 
sufficient significance and value to include in this brief 
report. It is not intended or even possible to make a 
complete bibliography of all papers or articles which 
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may have appeared during the past year, relating to 
the general subject of instruments and measurements, 
but as stated above the following brief mention seems 
of value in this report: 

The Corona Voltmeter and the Electric Strength of Air, 
by Whitehead and Isshiki, in the Journal, A. I. E. E. 
for May 1920. The proposed increase of transmission 
line voltages makes the measurement of crest voltage 
of increasing importance. In this paper Dr. Whitehead 
describes refinements in the corona voltmeter and a 
modification of the previously accepted law of corona. 

New Current Balance for Calibration Work, 
by Otto A. Knopp, Electrical World, Vol. 75, May, 1920. 
This apparatus makes it possible to obtain a large 
number of standard values of current from a single 
value calibrated by independent means. It is es¬ 
pecially suitable for central station use in the calibration 
of a-c. ammeters. 

Portable Oscillograph, by J. W. Legg, Journal, 
A. I. E. E., July, 1920. The oscillograph in its previous 
forms is a- valuable instrument, but is not well suited 
to field work. The form described by Mr. Legg re¬ 
places the arc lamp with a tungsten lamp operated 
at very high efficiency, and excites the galvanometer 
magnets from a storage battery. A number of in¬ 
genious features are included in order to control 
exposures. 

A Dynamometrical Comparator, by Edy Velander, 
Journal, A. I. E. E., July, 1920. The accurate 
measurement of small alternating currents presents 
considerable difficulty. This comparator, in connec¬ 
tion with a d-c. potentiometer, is stated to give accurate 
measurements of currents from 5 to 50 milliamperes, 
at frequencies up to 2000 cycles. 

Permanent Magnets in Theory and Practise, 
by S. Evershed, Journal, Inst. Elec. Eng. (London), 
Sept., 1920. This paper is primarily of value to the 
designer and maker of electrical instruments and 
meters. 

Magnet Steel, by Honda and Saito, Electrician, 
Dec. 17, 1920. This paper gives the properties of a 
remarkable steel for permanent magnets, having a 
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very large coercive force and intensity of residual 
magnetization. 

The method of making large ammeter shunts which 
was mentioned in a paper before the Institute in 
February, 1920, has been used by A. B. Field in 
England, who gives particulars in a paper in the 
Journal Inst. Elec. Eng. for August, 1920. This 
paper and its discussion are particularly valuable in 
view of the increasing size of totalizing shunts used 
to measure the direct-current output of synchronous 
converters or the total direct-current output of sub¬ 
stations. 

Wattmeters have been made on the electrodynamic, 
electrostatic, and electrothermal principles. To these 
•may now be added the “vibration wattmeter,” an¬ 
nounced in a paper by Biermanns in Arehiv fur Elek- 
trotechnik for August, 1920. This is similar to a 
permanent-magnet moving-coil vibration galvanometer, 
but has two windings in the coil, one used as a current 
coil and the other, with a non-inductive external 
resistor, as a voltage coil. Two readings .are taken, 
for the second, the relative direction of current in the 
two windings is reversed. The power is proportional 
to the difference of the squares of the deflections. 
It is said that as low as 10'^^ watt can be measured. 

Considering the question of new developments in 
apparatus, the makers of watthour meters and demand 
meters advise, in general, that the effort, during the 
past year, has been mainly expended in restoring the 
pre-war quality of output, rather than any considerable 
amount of new development. 

Apparatus continues to be developed for making 
measurements either of kilovolt-amperes or of the 
inductive component to be used in connection with 
rates including a power factor charge. 

One of the makers of indicating instruments reports 
the development of a new line of small size portable 
instruments (ammeters, voltmeters and wattmeters). 
These instruments would be of particular interest to 
those desiring small but accurate and serviceable in¬ 
struments which can be carried in the pocket or the 
tool kit. 

The makers of precision and recording instruments 
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report the continued development and application of 
electrical measuring methods and instruments to 
problems and functions not fundamentally electrical. 
While electrical methods have been used for years in 
making laboratory measurements of quantities not 
electrical, the significant fact now is the wider applica¬ 
tion of electrical measuring devices for recording and 
for the actual quantitative control of industrial pro¬ 
cesses.’ 

Automatic Gas Analysis. Apparatus is now avail¬ 
able for the automatic recording of gas analysis. The 
operation of the apparatus, depends on the the rmal 
conductivity of the gases being analyzed. The ap¬ 
paratus is arranged so that variations in the thermal 
conductivity of the gas being analyzed will cause 
corresponding variations in the temperature of a re¬ 
sistor having a high temperature coefficient of re¬ 
sistance. The variations in this resistance are recorded 
by an automatic Wheatstone bridge recorder. Such 
apparatus finds a valuable application in plants manu¬ 
facturing hydrogen, oxygen and other gases for com¬ 
mercial purposes. 

Electrical Temperature Controller. Equipment has 
been developed for controlling the temperature of any 
piece of operating equipment, and particular effort 
has been made to obviate the trouble due to “hunting” 
occasioned by the lag between the change in the 
quantity which is causing the heating and the cor¬ 
responding change in the temperature of the body under 
control. The device in question is designed to control 
the input of the quantity causing the heating in ac¬ 
cordance, not only with the actual temperature of the 
body, but also in accordance with the rate of change 
of the temperature of the body itself. For instance, 
if 100 deg. cent, is the limit of temperatxxre desired, 
it is possible to measure the rate at which the tempera¬ 
ture is approaching the 100-deg. point so that the 
load may be cut off at the proper instant to allow 
the temperature to drift up to a final limit of 100 deg. 
cent, without exceeding this value. 

The definition of power factor in polyphase circuits 
. which was active last year and mentioned in last year's 
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report as being in preparation by a Special Joint Com¬ 
mittee, can be considered as now in the hands of the 
Standards Committee. A session at last summer’s 
convention of the Institute was devoted to the dis- j 

cussion of this subject and as a result of this open dis- j 

cussion, the Special Joint Committee prepared certain 
definitions which were reported to the Standards ! 

Committee. s 

The question of standardization of the nomenclature 
of commonly used electrical instruments and measuring 
devices was discussed at a meeting of this committee j 

during the year and preliminary steps have been taken, | 

which it is hoped will ultimately lead to the standardiza- I 

tion of many names and terms. The work which has j 

been done to date has been confined to the members 1 

of the committee only, in preparing as complete a list j; 

as possible of the names and terms to be discussed and ' 

standardized. No further report can be made at this I 

time but a brief mention of this activity, however, seems I 

desirable with a recommendation that the succeeding { 

committee continue the work during the coming year. f 

F. V. Magalhaes, Chairman. I 
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ANNUAL REPORT OF EDUCATIONAL 
COMMITTEE 

To the Board of Directors: 

The Educational Committee has been greatly 
handicapped by the wide geographical distribution 
of Its members, the work being delayed by tedious 
long-distance correspondence. 

The Committee held a meeting in Chicago on 
ovember 12, 1920, Mr. Schuchardt presiding, and 
while only three members were present a plan for the 
years work was outlined which later received the 
approval of all the members. The Committee wished 
to determine in what respects the technical graduates 
failed to meet the expectations of their employers 
^d to obtain definite suggestions as to how the pro¬ 
duct of our Engineering Colleges could be improved. 
For this purpose a circular letter was prepared and 
sent to over a hundred prominent electrical engineers 
requesting their opinions and criticism. A summary 
of the replies and a discussion of the suggestions 
received will be prepared for publication in the Journal 
believes that a better correlation 
than obtains at present in curricula, in methods of 
pving instruction, and in other factors that pertain 
to college training of engineers may be secured among 
ae several branches of the engineering profession. 
To gam this end the Committee recommends that 
amangements be made for holding a symposium on 
En^nemng Educahon in 1922 in which representatives 
tak?part Engineering Societies should 

in S progress made during the year 

represented by the Educational Committee 
much or little may be said. A statistical report on 
new buildings, improved equipment, enrollment and 
^aduation data, and the numerous changes in courses 
and curricula would no doubt be extensive, as much 
progress has been made in these respects; but this 
information, even if available, would probably be of 
httle interest. The large increase in enrollment has 
made it necessary for most engineering schools to 
bend every effort towards meeting the increased de- 



792 


TECHNICAL COMMITTEE REI’OHTE 


mands for equipment and larger teaclving siafTs to 
the exclusion of all other interests. 

The excellent record made by engineering graduates 
in the World War is by many taken as prima facie 
evidence that the training given these men must, 
have been highly satisfactory and that a return to 
pre-war conditions would leave little more to be 
desired. In any event, the methods of giving in¬ 
struction and the training given to engineering students 
now do not differ greatly from what obtained before 
the war. 

_ The most noteworthy movement in technical educa¬ 
tion during the past year, is the extension of plans to 
greatly increase investigational work and industrial 
research in engineering colleges. The quickening 
power of research, the discovery and the develoi)ment 
of new principles and new applications, is of more 
vital importance to educational institutions than 
to industrial organizations. Effective cooperation on 
a comprehensive scale, between the research divisions 
of manufacturing companies and the faculties of 
be^eSed^ is a consummation devoutly to 

As forerunners of greater things to come the Tech¬ 
nology Plan of the Massachusetts Institute of Tech- 
+ Research Department, recently es- 

inSt A the University of Michigan, are of general 
invoTved td t?" of the problems 

Dr C. L. Norton, Director of Industrial Cooperation 

of the^^^T^h ° ^ paper on the development 

Joi in the 

douENAi Plans are under consideration for similar 

cooperative research departments or ^ 0^ 5 
en^neermg experiment stations in a nSer of 
Universities and technical schools. comber of 

C. Edwaed Magnusson, Chairman. 
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ANNl^ report of industrial AND 
DOMESTIC POWER COMMITTEE 

To the Board of Directors: 

The Industrial and Domestic Power Committee durins 
e present term has actively continued its plan of 
specific study and report on the application of electric 
P wer to industry. _ In the work it has had the help 
of eleven subeommittes, each headed by a member of 

folbws-^^^^”^ Domestic Power Committee as 

No. 1—Subcommittee on Motors with Particular 
SnSrCha’imtn'®*'’''"'’” Characteristics. A. C. 

tio^ 

E. a 

To^k on Applications to Machine 

■loois. D. D. James, Chairman. 

^Tf Ibcommittee on Applications to Passenser 

a “■ Chairman. 

the cement 

No. 9—Subcommittee on Applications to Pumns ■ 
Fans and Blowers. P. H. Adams, Chairman ’ 

tr,^h?’n’ Applications of Elec- 

Sairm^r^ Industrial Heating. M. J. McHenry, 

Date°' ChjSa™'““ “ 

hetm^nH several subcommittees will 

worked ffit: r subcommittees have 

fr<a^i-f f ^ chairmen the full 

credit for our work of this term. 

t Akron and Cleveland on January 14th, 1921 and 
under the auspices of Subcommittee No. 11 , W. e. 
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Date, Chairman. It was a good practical meeting, 
with plenty of interest. 

We have had one thorough committee meeting, 
viz: on January 14, 1921, at Akron, Ohio, with an 
attendance of 21. 

I recommend that our committee plan and activities 
be continued another term. I feel that while our 
apparent results are not large, that nevertheless a 
constantly widening group in the Institute is becoming 
familiar with what we are doing and is taking interest 
in it. With patience and encouragement the plan 
will continue to grow in interest and value. 

As a portion of this report is submitted a report of 
progress in the Industry prepared by Mr. W. C. Yates 
of our Committee and also a full report from the Chair¬ 
man of each Subcommittee. I recommend these 
several reports for your careful consideration. 

As a committee we have tried hard to make our work 
of value. It is of value. The work that individuals 
and groups of two or three have put in with resulting 
monographs are notable contributions to the Institute 
mes and as Chairman of this Committee, I can do no 
less than direct attention to them. 

I also commend to you the help and efficiency con- 
^ntly accorded us in our work by the Secretary of 
tne Institute, and those associated with him. 

A. G. Pierce, Chairman. 


Industrial and Domestic Power Applications— 
Progress of the Art During the Year 1920 


J-'i VV . 




industrial activity slumped 
decisively during the latter part of the year S 

compeLted for 

this to such a degree that the sum total of the industrial 

equipment installed during the 
ym waa unquestionably greater than in 

electrically-driven domestic machinery 
such as washing machines, vacuum cleaners ete' 
showed an unprecedented gn>wth until Stasin* 
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deprepon set in. An astonishing amount of such 
machinery was installed for the benefit of thousands 
of housewives, and this was especially true of washing 
machines. All this required no special developments 
in the way of motors, switching devices, etc., because 
suitable types of such electrical equipment were alreadv 
available. 

Turning to the industrial field in general, it may be 
pid that considerable advance was registered in the 
incorporation of safety features in both motor and 
and control appliances, especially to the latter The 
use of 50-deg. motors as compared to the old 40-deg. 
ratings increased and there was evidence of much more 
accurate study of the power required to drive machinerv 
and a closer selection of the motors to do the work. 

his necessitated in turn the evolution of more overload 
protective devices, in which connection considerable 
improvement was made during the year. 

• lu industry no particular advance 

in the art occurred during the year 1920 to be particu¬ 
larly worthy of mentioning. In other fields definite 
steps in advance were made of which the following 
are worthy of note: 

activity in mining was not quite up 
to that of former years, but a number of interesting 

unusually large number of 

^uLpT 100 to 250 h. p. were installed 

or under construction at the close of the year. The 
McKinney Steel Company’s hoist at Bessemer, Michi¬ 
gan, was put into commission. This is the largest 

direct-coimectedmotor. 

sm Mill. A record was made in the number of 
electric niain roll drives put into commission. Im- 

p ovement was shown m the accuracy of the speed 
control provided. 

Considerable improvement was made in the control 
evices, especmlly of the magnetic type for steel mill 

improvement having to do 
^th the better wearing qualities of the contactors and 
co^equent longer life of the control equipment. 

Machine Tools. In this field the development of 
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motors and controllers for high-speed woodworking 
machinery stands out most prominently. This ap¬ 
plication required specially designed motors operated 
at frequencies as high as 300 cycles. 

Textile Industry. An interesting development in¬ 
volved the application of individual drive to a series 
of Centering machines for starching and drying cloth 
where three independent rolls, each driven by an 
individual motor, were tied together by an automatic 
control equipment that insured the same speed of the 
fabric through the three machines. This same tie- 
in of two or three machines to run at the same speed 
was accomplished in the printing of cloth and did away 
with expensive line shaft equipment very apt to get 
out of order. 

Paper Mill. A new form of sectionalized motor drive 
for paper machines was developed, each section being 
driven by an independent motor, the speed of which 
with relation to the speed of the other sections may be 
regulated to suit the requirements, and when once 
adjusted will retain this relationship as positively as 
though geared together. 

A typical installation of this new drive was to a 
paper machine consisting of nine sections and employed 
in the manufacture of newsprint. This machine is 
desired for high-speed operation, producing paper 
164 inches wide at the rate of 1000 ft. per minute. 
Eight sections of the paper machine are each equipped 
with a 100-h.p.,-136-rev. per min., shunt-wound motor 
direct coupled, while the reel is driven by a direct- 
coupled motor of 30 h. p. These nine motors are 
supplied with power on a Ward Leonard system from 
a 600 kw., 250-volt turbine generator, and the speed of 
the machine as a whole is controlled by the voltage 
of this generator, the fields of the motor being excited 
from the same excitation source as the generator. 
The motors have the same speed regulation from no-load 
to full load. 

The novel feature of the installation consists of 
20-h. p. synchronous motors, one of which is mounted 
on the base of each of the d-c. motors, and is connected 
to the main motor by means of a gear and a pair of 
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cones belted together with an eight-inch double-ply 
belt. The function of these synchronous motors is 
to rigidly tie together the various sections of the paper 
machine and maintain a positive unvarying speed 
relation between them. 

Oil Well. The demand for oil well motors continued 
to increase in both old and new oil fields. The power 
companies were unable to supply ample power for 
this purpose. 

In Los Angeles County the deepest electrically 
drilled oil well in the world was completed in June 
and its depth was 4650 ft., this being the “Anita A” 
well of the Shell Company of California. 

Another development of the year in Southern Cali¬ 
fornia oil fields was the application of motor drive to 
deep drilling by the rotary method. This has pro¬ 
gressed to a stage which gives every indication of its 
complete success. 

Handlirig of Coal, Ore, etc. Improvements may be 
noted in the machines developed to handle coal, ore, 
and other bulk materials, although this involved no 
new developments in the electrical .apparatus. A 
particularly interesting installation is the coal loading 
pier of the Baltimore & Ohio Railroad Company at 
Curtis Bay, Md. This was improved last year by 
the addition of four trimming machines. It is now 
possible to load a 10,000-ton boat in eight hours. 

Elevators. Mention may be made here of the ap¬ 
plication of the two-speed a-c. motor to elevator ser¬ 
vice, the motor having two windings and the lower 
speed being employed for making landings. 

Pumps and Fans. Particularly worthy of note is 
the increased use of synchronous motors in the operation 
of pumps and fans. 

Logging. A unique installation which will un¬ 
doubtedly have considerable influence on the future 
of the lumbering industry consists of a combined 
outfit of electrically-operated yarder and loader hoists 
which was placed in service in August, 1920, by the 
Snoqualmie Falls Lumber Company of Snoqualmie, 
Washington. The yarder is operated by a 200-h. p., 
600-rev. per min., three-phase, 60-cycle, 550-volt 
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motor of special construction designed particularly 
for the very high torque which is essential in yarder 
service. 

The loader, which lifts the logs brought in by the 
yarder, is a duplex outfit with two hoists, each gear- 
driven by a 75-h. p., slip-ring motor. These hoists 
are not provided with mechanical brakes, but each has 
two electrical brakes, one being the standard type and 
the other a solenoid load brake which has inherent 
graduated braking characteristics. The reason for 
this double brake equipment is to secure low and 
fully controlled lowering speeds when placing the 
heavy logs on the cars. 

Electric Shovels, Considerable improvement was 
made in the application of electric drive to shovels. 
The chief improvement involved the use of the Ward 
Leonard system in the individual drive of the several 
motions of the equipment. 

Advance was made in the design and application of 
equipment for arc welding, electric furnace work and 
in other fields. A report of this kind cannot possibly 
cover the ground in any detail as it is only intended 
to point out the steady advancement of the art in the 
broad field of industrial and domestic power. 

[Tids report to the Board of Directors was supplemented 
by a statement from each of the sub-committee chairmen, giving 
an outline of the plans and the work accomplished to date 
of each of the sub-committees.] 
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ANNUAL REPORT OF TELEGRAPHY AND 
TELEPHONY COMMITTEE 

To the Board of Directors: 

The following report contains a review of the en¬ 
gineering of telegraphy, telephony and radio com¬ 
munication during the Institute year 1920-1921. 

Wire Communication along Railroads 

Technical developments of the past year have placed 
the telegraph and telephone departments of railroads 
in the United States and Canada in a more service¬ 
able condition than they have heretofore been. The 
work of the technical committees of the Telegraph and 
Telephone Section of the American Railway As¬ 
sociation has been added to by the institution of 
committees handling the subjects of telephone trans¬ 
mission, radio and wired radio communication, and 
technical education for employees. A considerable 
number of new undertakings are now about ready for 
service trial in the field. Improvements are embodied 
in recommendations submitted by committees working 
on the problems of protection against lightning dis¬ 
turbances, inductive interference, electrolysis, wire 
transpositions and stronger pole line construction. 

The Railroad Administration’s trunk circuits radiat¬ 
ing from Washington, D. C., were promptly discon¬ 
tinued at the termination of Federal control of the 
railroads, and the wires returned to the control and 
use of the individual railroads. The general inter¬ 
change of wire service between the various roads, 
through connecting railroads not concerned in the 
purpose of the communication, was at the same time 
discontinued. 

The'employment of recent types of telephone re¬ 
peaters has been arranged for by a number of the large 
railroads for the purpose of improving long distance 
telephone service. On the New York, New Haven 
and Hartford Railroad the installation was completed 
of an aerial cable between New York and New Haven. 
Circuits in this cable have telephone repeaters, and 
on some pairs loading coils are provided. 

The subject of stronger pole lines has been given 
serious attention on many railroads. On some lines 
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the factor-of-safety plan of construction has been 
extended. 

During the year the increase in telephone lines has 
not been great, due mainly to retrenchment following 
temporary business depression. 

Some progress has been made in replacing older 
t 3 rpes of calling selectors, and changing the method 
of operation of others in order to obtain low-resistance 
simplexes for telegraph service. Also, some tests have 
been made with wire-guided carrier-current signaling 
in conjunction with engineers of the United States 
Signal Corps under the direction of Major General 
Squier, Chief Signal Officer. 

The practise of welding joints in exposed lines has 
been extended. 

Printing Telegraph Systems 

The application of automatic printing telegraph 
systems to commercial requirements is being extended, 
both in the United States and Canada. A notice¬ 
able tendency is the gradual standardization of ap¬ 
paratus and of methods. Development generally is 
along the line of reducing equipment maintenance 
costs by simplifying the various printer units and 
making them more substantial mechanically. 

For trunk circuits carrying heavy traffic the multi¬ 
plex system ^ is being widely applied. A multiplex 
system provides two or more two-way channels per 
wire. The ease with which the multiplex system may 
be made to meet traffic growth—simply by the ad¬ 
dition of operating tables and associated equipment— 
is one reason for its success. Another reason is that 
it allows taking full advantage of the signaling capacity 
of a wire. With the multiplex it is possible to handle, 
eight hundred or more messages per hour over a single 
conductor; correct incidental errors instantly, and 
have every message so handled ready for delivery to 
the addressee as soon as it has passed over the wire. 
An objection to older automatic systems was the time 
required in preparing the message for delivery after 
its receipt. There was also delay in correcting inci^ 
dental errors, 
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A new field being entered by printing telegraphs is 
that including private branch offices, and way-office 
circuits. Developments in this direction center on the 
problem of producing a tape-printing machine so de¬ 
pendable as to require only occasional attention from 
mechanics, and so simple in operation as to be handled 
satisfactorily by an ordinary typist. A promising use 
for this system is its employment by commercial 
concerns and industrial establishments for inter¬ 
communion purposes and for communication between 
business offices and telegraph offices. 

“Start-Stop” Printing Telegraph Systems 

In all modern printing telegraph systems the principle 
of synchronism is employed. Systems employing con¬ 
tinuous synchronism require that the apparatus at 
the transmitting and receiving stations be in phase at 
all times, and usually consist of distributors having con¬ 
stantly rotating arms operating in unison. Continuous 
synchronism is generally used when more than one 
simultaneous transmission over one wire is desired. 

Systems not employing continuous synchronism, 
but providing instead that a signal be transmitted to 
start from a position of rest the arms of the transmitting 
and receiving distributors or their equivalents, are 
called “Start-stop” systems. The arms of the trans¬ 
mitting and receiving distributors are timed to rotate 
at practically the same speed for one revolution and 
then come to rest—one rotation for each letter, figure 
or other character. 

The start-stop systems of recent American develop¬ 
ment use the five-unit signaling code. For circuits where 
the traffic requirements are such as to call for a speed of 
sixty words per minute, start-stop systems are 
satisfactory and their use is being extended. Such 
circuits are operated duplex over distances of 300 
miles without intermediate repeaters. The employ¬ 
ment of repeaters permits operation over greater 
distances. 

Start-stop systems may be grouped into two classes. 
In the first, the distributor, transmitter and printer 
are separate units. With systems of this class a 
speed of approximately sixty-five words per minute- 
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is possible. In the second class, the distributor, trans¬ 
mitter and printer are self-contained in a single unit, 
the transmitter being controlled by a t 5 T)ewriter form 
of keyboard. Systems of the second class are also 
known as simplex printers and are operated at a speed 
of about fifty words per minute. 

SuBMABiNE Telegraph Signaling 

From the year 1858 until 1871 submarine cables were 
operated in one direction at a time only. Since the 
latter year, cables have been operated duplex. From 
1871 until 1908, important improvements were made 
in existing apparatus. In the latter year “magnifiers” 
were introduced which permit operation of long cables 
with considerably reduced line current strength, with 
consequent increase of signaling speed—50 per cent 
or more above previous speeds. 

In recent years a tendency in cable signaling has 
been to introduce terminal apparatus aiming at 
reduction in operating costs. Tape perforators of the 
mallet type have been replaced by perforators having 
keyboards similar to those of a typewriter, permitting 
largely increased output per operator in a given time. 
Automatic transmitters are used which insure con¬ 
tinuous transmission of uniform signals. Automatic 
relays have been installed to connect together sections 
of cables to permit direct working without the necessity 
of manual relaying of messages. In some cases instead 
of direct automatic relaying a re-perforator is intro¬ 
duced which is actuated by signals from one section 
of cable perforating a tape which feeds into a transmitter 
sending into an adjoining section of cable. 

Considerable progress has been made in applying 
printing telegraph systems to submarine cables. Ex¬ 
perimental installations have been in actual service 
operation during the past year or two. The applica¬ 
tion of printing telegraph systems to ocean cables 
reduces operating costs and, perhaps to some extent, 
increases operating speeds. Further improvements 
now being made in ocean cable printing apparatus 
will result m much simplified equipment with promise 
of an increased output in unit time. 
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Protection op Lines Against Lightning 
Disturbances 

No radical changes have recently been made in the 
character of protection installed on communication 
lines for protection against lightning disturbances, 
but the growing need for continuous operation of 
lines has renewed interest in developing efficient self¬ 
restoring lightning arresters. Some of the more 
dependable existing types of arresters have been 
improved with the object of bettering the protection 
and lessening circuit interruption after static charges 
have been dissipated. Present types of arresters 
embody the principles of the airgap, vacuum gap, 
and choke coil. 

Reduction op Inductive Interperence 

Promising progress has been made during the year 
toward the solution of the problem of inductive inter¬ 
ference control and reduction. The growing difficulties 
in keeping communication and power circuits in well 
separated locations—attendant upon the rapidly in¬ 
creasing demands for these services—has brought 
a real appreciation of the need for thorough and 
systematic attention to the coordination of the engi¬ 
neering of these facilities. 

As a consequence, increasing effort is being directed 
toward learning sound methods of coordination, and 
toward the application of these methods in the initial 
planning of construction. Prominent among these 
efforts toward more systematic treatment of the 
problem a,re facilities inaugurated by the National 
Electric Light Association for centralized study by a 
committee and engineering staff specializing in t.hi. g 
subject. 

It is an indication of sound progress that the problem 
is now recognized as of mutual concern by the various 
electric utilities. The trend is clearly toward co¬ 
operative study and treatment as in the best interests 
of these utilities. 

Noteworthy in this direction is a step taken by the 
American Telephone and Telegraph Company and the 
National Electric Light Association in developing 
broadly laid plans for cooperative procedure in working 
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out and applying methods for the control and reduction 
of inductive interference with telephone service. 

So far as the committee has learned there has been 
no outstanding development during the year in the 
form of specific devices or methods applicable to either 
the communication or power facilities for inductive 
interference reduction. It is, however, of interest to 
note that the engineers of the American Telephone and 
Telegraph Company have developed and given some 
preliminary field use to a new type of “noise meter,” 
designed to measure the degree of disturbance indicated 
in a telephone receiver without bringing in the personal 
factor of the observer in judging equivalent noise as 
is the case with the older “noise” standard employed 
by the telephone companies. 

Automatic Telephony 

During the year there was in general a continuation 
of refinement in the design of automatic telephone 
apparatus. So far as radically new developments are 
concerned no epoch-marking inventions have been 
disclosed. 

Further progress has been made in standardization 
of apparatus and in details of maintenance and opera¬ 
tion. The undertaking to standardize nomenclature 
resulted in the publication of about 100 definitions of 
current terms. 

There have been placed in service three devices the 
introduction of which may have an important relation 
to the further development of the art: 

1. The call indicator, used in calling from an auto¬ 
matic office to a manual office during the period of 
mixed working, which displays the call number before 
the operator and permits automatic subscribers to 
dial all numbers. 

2. A calling device number plate with office names 
in addition to numbers, to permit retention of office 
names in small multi-office exchanges converted to 
automatic. 

3. A calling device number plate with the alphabet 
in addition to the numerals to enable the first few 
letters of the office name to be used as numerals in a 
large multi-office exchange. 
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Carrier-Current Telephony and Telegraphy 

■ At the Midwinter Convention of the Institute there 
was presented a paper on “Carrier-Current Telephony 
and Telegraphy,” by two members of the committee, 
Messrs. Colpitts and Blackwell, which gives a history 
of this art; states the fundamental principles which 
underlie it; discusses the action of open-wire lines and 
short lengths of cable to the frequencies used in carrier 
operation, and describes the carrier systems which 
have been developed and put into commercial use in 
the Bell Telephone system. The historical part of 
this paper is interesting, showing the principles under¬ 
lying carrier-current operation as having been worked 
out at an early date, but that economical use of such 
systems was not possible until the introduction of the 
three-electrode vacuum tube as a modulator, demodula¬ 
tor and amplifier; until the art of transmission over 
wires, including repeater operation, had been developed 
to its present state, and until the development of 
electric filters had been carried to the point permitting 
effective utilization of comparatively low carrier 
frequencies. 

The commercial telephone installations described 
give four added telephone circuits over each pair of 
line wires in addition to the usual telephone and tele¬ 
graph facilities provided by the wires. Commercial 
telegraph systems provide as many as ten added duplex 
telegraph circuits, also in addition to the usual facilities. 

As pointed out in the paper, the apparatus involved 
in such systems is necessarily complex and, therefore, 
expensive, so that systems of this type are in general 
economical only for comparatively long circuits. 
Radio Telegraphy 

Radio communication during the past year has 
undergone a reorganization of ownership of the im¬ 
portant patent rights which should relieve a very com¬ 
plicated situation and result in placing in use equip¬ 
ment superior to that heretofore employed. The radio 
companies are now in a position to proceed without 
imminent fear of infringement of essential patent 
rights. 

The superior serviceability of continuous waves. 
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with beats reception, has been recognized and the 
principle is being extended in practise. 

The ease with which short waves can now be 
controlled from electron tubes has had much to do 
with the rapid change in the practise of the art. Spark 
transmitter systems, for all but ship emergency uses, 
are no longer planned for commercial operations. 

With the more general use of continuous wave 
systems and the resulting greater possibilities of 
selectivity there is a strong legislative sentiment in 
favor of more liberal regulations. The use, with 
continuous waves, of a large number of working 
wave-bands, with a reserved emergency and calling 
band, will do much to eliminate the interference and 
troublesome delay which now exists at each of the 
several important ocean harbors. The sentiment that 
favors greater freedom in wave-band selection also 
favors the enforcement of more rigid requirements of 
purity of radiation and the securing of minimum damp¬ 
ing at transmitting stations. 

Transoceanic service has been further improved with 
a resulting increase in the volume of traffic handled 
and in the quality of service rendered. The gradual 
elimination of minor defects that commercial operation 
has brought to light has resulted in pronounced im¬ 
provement in continuous operation over long distances. 

The accomplishments in static elimination, per¬ 
mitting the better utilization of means of amplifica¬ 
tion of signals, have done much to overcome operating 
variations due to atmospheric disturbances and other 
causes. 

A broadening of the field is noticeable in adapting 
radio systems and methods to new uses, and several 
such applications are looked for in the immediate 
future. The remote control of switches by means of 
radio is now being considered. 

The superheterodyne method of reception, due to 
E. H. Armstrong, stands out as an important contri¬ 
bution of the past year. 

Radio Telephony 

The progress of radio telephony during the past 
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year has been in the direction of the application of the 
three electrode tube, developed during the past seven 
years, to a point where it serves as an amplifier de¬ 
livering comparatively large power, or as a reliable 
detector or telephone repeater, to the problem of 
suppl 5 nng radio service of a commercial character in 
connection with existing wire lines. 

This progress in all its phases is illustrated in a radio 
telephone toll circuit now in commercial operation in 
the territory of the Pacific Telephone and Telegraph 
Company, furnishing telephone service between the 
Island of Santa Catalina and the wire network of the 
mainland centering in California. 

The Avalon-Los Angeles radio toll circuit is believed 
to be the first radio telephone installation in the 
world to be opened for public service. The service 
was inaugurated on July 16, 1920. The radio circuit 
is operated according to wire line methods. The 
operating circuit is from Los Angeles, Cal., to Avalon 
on Catalina Island. The radio section is between two 
coastal stations thirty-two miles apart. The circuit 
is provided with through line ringing of a type which is 
free from, interference, and a superposed telegraph 
circuit capable of forming a link in a duplex wire tele¬ 
graph circuit. The transmission and quality over the 
circuit are of such high standards that it is regularly 
connected, when required, into the long distance 
telephone circuits. On several occasions conversations 
have been carried on between the S. S. Glomester in 
the Atlantic Ocean, and the Avalon office in the 
Pacific Ocean, the transcontinental telephone wire 
line being used as the connecting link overland. 

The extensive application of types of electric wave 
filters in transmitting and receiving circuits has made 
it possible to obtain a good quality of speech and at the 
same time to secure greater selectivity than was possible 
with the prior art. The use of loops for receiving and 
of shorter wave lengths for short distances had to some 
extent reduced interference. 

Standardization of Terminology 

A sub-committee of the Standards Committee of 
the Institute has been engaged in the work of formula- 
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ting standard definitions of terms most commonly used 
in telegraphy, telephony and radio signaling. The 
importance of such work, especially in the case of an 
art developing as rapidly as is the art of electric com¬ 
munication, is obvious. Not only is it of advantage 
to eliminate ambiguous and superfluous terms, and 
terms wrongly used or etymologically incorrect, 
although these may have come into extensive use, but 
it is especially important to select the most logical and 
appropriate terminology called for by the development 
of the allied arts so as to get a proper start and thus, 
in a large degree, avoid the necessity for later revision, 
and perhaps at a time when incorrect terms have been 
widely adopted in operating practise. 

The terms so far chosen and defined have been 
simply and unequivocally, though broadly, defined in 
the light of a comprehensive survey of the field to which 
they are appropriate, thus eliminating the necessity 
of a multiplicity of terms covering slightly diflterent 
applications. 

Consideration also has been given to bringing about 
agreement so far as practicable between English 
speaking countries. In quite a number of instances 
the same term is given different meanings, or different 
terms are employed to convey the same meaning. 
The sub-committee on Telegraphy, Telephony and 
Radio is, therefore, cooperating with a corresponding 
committee of the British Engineering Standards 
Association, with the above mentioned object in view. 

The Bell and independent telephone interests have 
found it mutually advantageous to unify not only 
operating methods, but also operating phraseology, for 
the purpose of facilitating the handling of interconnect¬ 
ing traffic involving cooperation between two groups 
of operators. This supplies an excellent illustration 
of the value of standardization as applied to terminol¬ 
ogy which can promptly be translated into dollars 
and cents. 

Education in Communication Engineering 

Considerably greater attention is now given in 
American universities and technological schools to 
instruction and research work in communication 
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engineering. Sheffield Scientific School, Yale Uni¬ 
versity, has an organized course in this field as has the 
Massachusetts Institute of Technology, and Columbia 
University, New York, has a course in submarine 
cable engineering. The College of the City of New 
York has a thoroughly equipped and organized com¬ 
munication laboratory, and at a number of the United 
States Army Departmental headquarters, or in their 
vicinities, thoroughly organized and equipped schools 
are maintained which cover these subjects. 

In addition, the programs announced for the rapid 
introduction of automatic or machine switching in 
telephony, and the continued development of machine 
telegraphy will necessitate the instruction of large 
nurnbers of present employees of the operating com¬ 
panies, as well as recruits, who will be required to 
install, supervise and maintain the equipment. In 
this connection it is recognized that it is especially 
desirable speedily to perfect the terminology and thus 
to make available a common language for teaching 
purposes as well as for field use. 

There is a noticeable drawing together of the 
engineers of the arts of telegraphy, telephony and radio 
signaling. The communication engineer of the immedi¬ 
ate future will have to be well versed in the engineering 
of the three divisions of the general subject. 

There are approximately six hundred communica¬ 
tion engineers identified with the Institute, and the 
number is now increasing at the rate of about forty 
applications per month. 

This report has been made up to include contributions 
forwarded by the following members of the Telegraphy 
and Telephony Committee: 0. B. Blackwell, R. E. 
Chetwood, E. H. Colpitts, Charles E. Davies, H.W. 
Drake, S. M. Kintner, Stanley Rhoads, A. E. Silver, 
Arthur Bessey Smith and P. A. Wolff. 

Donald McNicol, Chairman. 
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ANNUAL REPORT OF POWER STATIONS 
COMMITTTEE 

To the Board of Directors: 

The work of the Power Stations Committee during 
the past year has included the routine work in connec¬ 
tion with the analysis of papers bearing on power 
station subjects, which were referred to the committee 
for attention. In addition, the committee arranged 
for the presentation at the March meeting of the 
Institute of a paper entitled Developments in Conver¬ 
sion \Apparatns for Edison Systems, by T. F. Barton 
and T. T. Hambleton. The committee also considered 
the suggestions of last year’s committee, and gave 
considerable thought to the preparation of a symposium 
bn auxiliaries in steam and hydroelectric plants. 
While a certain amount of work has already been done 
on this subject, because of the limited amount of time 
available, further action has been postponed,—the 
recommendation of this committee being that the in¬ 
coming committee continue the work which has been 
started with a view to presenting a symposium on this 
subject during the early part of the coming year. 

In accordance with the request of the Board of 
Directors, your Committee presents in this report a 
brief outline of the progress of the art and the most 
important developments in power station work during 
the past year. There is also included an appendix, 
which is an abstract of the bibliography of the import¬ 
ant articles treating of power station design and opera¬ 
tion appearing recently in American and foreign tech¬ 
nical journals. 

During the past year, there have been several notable 
power station developments which have recently 
been placed in service, or are now in course of construc¬ 
tion. These plants are of large size and incorporate 
many new and interesting features of design, particu¬ 
larly in the details of plant layout and the combination 
and application of auxiliary equipment. 

Among the recent installations may be mentioned 
the Colfax power station in Pittsburgh, the Hell 
Gate Station in New York City, the Delaware station 
in Philadelphia, and the Calumet station in Chicago. 
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The Colfax power station represents the latest 
development in the so-called “mouth-of-mine” plant. 
This type of plant is of especial interest at this time, in 
view of the trend toward interconnection. It is es¬ 
sentially a design of the type most suited to bulk 
g-eneration and distribution of power. 

The Hell Gate, Delaware and Calumet stations are 
designed particularly for metropolitan service where 
a relatively large number of feeders at generator volt¬ 
age are provided for the distribution of power. In the 
design of these plants, however, particularly the 
Hell Gate and Calumet stations, certain marked 
clianges have been made in the general arrangement 
of busses and high-tension switching equipment. 

In the use of auxiliaries, there is to be noted a decided 
trend toward electric drive. Two of the outstanding 
features in this development are the application of 
2300-volt motors in sizes of 100 h. p. and over, and the 
use of differential relay protection of the various motor 
*^i^*-uits. Considerable attention has been given also 
to the layout and protection of all auxiliary circuits 
as well as improvements in the motors and control 
equipment to insure continuity of service. These 
features are of vital importance in the modern power 
station. The increase in the use of electric power for 
auxiliary drive has been relatively large and involves 
a number of problems which were not considered of 
prime importance when the size of the electric installa¬ 
tion for auxiliaries was comparatively small. 

It is further recognized that conditions in power 
station service are different from the usual industrial 
plant, and it is to be noted that the development of 
present control equipment, which heretofore has been 
based largely on the experience gained in industrial 
seiwice, is now being given the attention required for 
power plant service, where the necessity for continuous 
operation over long periods requires greater liberality 
in details of design than has heretofore been considered 
necessary. 

Turbine Generator Units 

The past year marks a number of improvements 
in details of design and construction of turbines. A 
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more careful selection of material, closer inspection 
and improved testing facilities, particularly in connec¬ 
tion with static and dynamic balancing of rotating 
parts, have had an important bearing on increased 
reliability and economy of operation. 

There was also evidenced a definite change in attitude 
toward the use of larger generating units. The records 
of the past year show no increase in the size of single¬ 
cylinder steam turbine units, the largest unit of this 
tjrpe being of 45,000 kw. capacity. In two of the 
largest stations under construction in 1920 and 1921, 
the generating units have been 30,000 and 35,000 kw., 
respectively. There are, however, now in operation, 
a number of 40,000- and 60,000-kw. cross-compound 
units, consisting of two or three 20,000-kw. generators, 
which show satisfactory performance in point of 
continuity of operation and overall efficiencies. 

In 1920, the two manufacturing companies engaged 
in building large turbo-generators, took contracts for 
23 units of 20,000 kv-a. capacity, and larger. These 
23 units aggregated 800,000 kv-a. and 690,000 kw., the 
average size unit being 35,000 kv-a. and 30,000 kw. 
It is interesting to note, in this connection, that of the 
23 large units purchased in 1920 only five were for 
25-cycle operation, and these units were purchased 
for installation in New York City. 

In large hydraulic installations, the 90,000-kw. 
development at Niagara Falls, placed in operation in 
1920, and the 350,000-kw. plant of the Hydro-Electric 
Power Commission of Ontario are noteworthy for their 
large capacity and new features of layout and installa¬ 
tion. The No. 3 Station extension of the Niagara Falls 
Power Company is notable in delivering better than 
90 per cent of the available energy of the water to the 
generator terminals. It is also of interest to note that 
the 45,000 kv-a. generators and turbines now under 
construction for the Hydroelectric Power Commission, 
will, when completed, be the largest hydroelectric 
units thus far placed in operation. 

Closed Am Ventilating Systems 

A comparatively recent development in turbo¬ 
generator cooling is the closed air circulating system. 
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in which a definite volume of air is circulated contin¬ 
uously. There is a closed air path consisting of the 
generator and short connecting ducts to some device 
for removing the heat from the air. This cooling 
device may be the familiar spray washer, analogous 
to a jet condenser; or the hot air may be passed over 
tubes through which cold water is circulated, analogous 
to the surface condenser. Some installations of the 
closed air system with water tube coolers have been 
completed in England, and several trial installations 
have been projected in this country. There are a few 
installations of the closed air system in operation in 
this country, using the spray cooler. 

The principal advantages claimed for the closed air 
system are effective elimination of dirt from the 
generator and reduced fire risk. The water-tube 
cooler has the additional advantage of eliminating 
all danger of water or ice entering the generator. 
There have been a few winding failures from this 
cause in this country, and apparently a considerable 
number of such failures in England, which, according 
to information received, accounts for the more active 
development of the water-tube cooler abroad. Whether 
these advantages of the closed air system will compen¬ 
sate for the obvious disadvantages of increased com¬ 
plication and congestion in the station layout and the 
appreciable increase in cost (in the case of the water- 
tube cooler), only further study and experience can 
determine. 

Large Power Transformers for Station Use 

Single-phase transformers of a capacity of 23,600 
kv-a., 60 cycles—larger than any heretofore con¬ 
structed—have been supplied during the past year for 
stepping up from generator voltage to a present 
transmission voltage of 66,000 volts and an ultimate 
of 132,000. A bank of three single-phase transformers 
takes care of the entire output of a 60,000-kw., 11,500- 
volt, turbo-generator unit. The transformers are 
connected in delta on the low-voltage side, and star 
on the high-voltage side. Each transformer weighs 
126,000 lb., requires a floor space of 11 ft., 3 in. by 
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10 ft. 3 in., and measures 23 feet from the rail to the 
tip of the high-voltage bushing. 

The largest single-phase, 25-cycle, transformers ever 
built are being constructed for the new Queenston- 
Chippewa project of the Hydroelectric Power Com¬ 
mission of Ontario. These transformers are of the 
shell t3rpe; are rated at 15,000 kv-a., and are arranged 
to step up in banks of three from a 45,000 kv-a. water¬ 
wheel generator to a present transmission voltage of 
110,000, and ultimate voltage of 132,000.. Trans¬ 
formers are connected in delta on the low-tension 
side, and star on the high-tension side. Each trans¬ 
former weighs 186,000 lb., requires a floor space of 

11 ft. 6 in. by 10 ft. 6 in., and measures 28 ft. 2 in. 
from the rail to the tip of the high-voltage bushing. 

For a number of years the maximum voltage for 
commercial transmission remained stationary at about 
150,000 volts, but during 1920 this was raised to 165,000 
volts, and transformers are under construction for 
operation on a 220,000-volt, 60-cycle system now being 
built. Core type transformers of 16,667 kv-a. and 
8,333 kv-a. are being built, arranged for 11,000 volts 
on the low-voltage side, and 127,000 volts on the high- 
voltage side, so that three transformers may be con¬ 
nected in star for 220,000 volts. 

These transformers are designed for grounded Y 
service and are equipped with one high-voltage bushing, 
the other end of the winding being permanently 
grounded to the tank to form the grounded neutral. 

The windings of the 16,667 kv-a. transformers are 
so arranged that the 220,000-volt line lead is at the 
center of the column of coils, hence the potential to 
ground decreases towards the ends of the column, so 
that the coils nearest the yokes of the core are at or 
ne^ ground potential. These transformers weigh 
158,000 lb., require a floor space of 14 ft. 5 in. by 
11 ft. 8 in., and measure 22 ft. 9 in. from the rail to 
the tip of the high-voltage bushing. 

Among the large air-blast transformers produced were 
five 4550 kv-a., 10,900 F/210-volt units for use with 
^chronous converters for the d-c. system of the New 
lork Edison Company. These transformers are of 
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high inherent reactance and are used in conjunction 
with the synchronous converters without the use of 
synchronous boosters to obtain the necessary range 
in continuous voltage, this voltage range being secured 
through the compounding characteristics of the syn¬ 
chronous converter in conjunction with the trans¬ 
former reactance. 

The operating reports during the year demonstrate 
the value and the greatly extended use of the oil con¬ 
servator on large and high-voltage transformers. The 
utility of this feature is becoming more definitely 
established by the protection afforded from condensa¬ 
tion of water in the transformer oil, the elimination of 
possible gas explosions due to decomposition of the 
oil and the gases so produced mixing with air at the top 
of the tank, and to the practical elimination of sludging 
of the oil due to oxidation when in contact with air 
at fairly high temperatures. 

Switching Equipment 

In general, it may be said that there is a decided 
tendency toward simplification in station layouts and 
details of design. Complicated switching connections 
to take care of possible contingencies have been re¬ 
placed by simpler layouts, resulting in reduced 
costs and marked reduction in operating troubles. 
Particular care is evidenced in switch-house 
layouts in the provision for safeguarding against 
serious trouble in case of switch explosions or oil fires. 
It has been recognized as advisable to provide as far 
as possible for greater space and greater accessibility 
to all parts of the electrical equipment using oil. 

The semi-outdoor type of construction which has 
been adopted by the Niagara Falls Power Company 
at their Echota substation, is the most recent example 
of a departure from the standard type of switch-house 
construction designed for the purpose of preventing 
as far as possible the danger from oil explosions. The 
switches in this case are erected in structures in such 
a way that the operating mechanisms are covered, but 
there is no enclosure in front of the oil switch pots so 
that the force of any explosion which might occur is 
iiot in any way confined. 
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Bus Construction 

Considerable attention has been given to the recent 
desipis of switch house and equipment. Increased 
station capacities with the possibility of increased 
short-circuit stresses, call for a more substantial type 
of construction than has heretofore been considered 
necessary. One installation on record incorporates 
a type of bus support designed to satisfactorily take 
care of short-circuit stresses of 10,000 lb. applied at right 
angles to the top of the support. Greater attention 
is also being given to the layout of conductors, the 
, avoiding of loops in the circuit wherever possible, and 
the provision for increased space between conductors 
so as to minimize the effects of magnetic stresses. In 
the new station of the Hydroelectric Power Commis¬ 
sion of Canada, at Queenston, the busses are arranged 
orizontally instead of the usual vertical arrangement, 
and are mounted on five-foot centers on the floor with 
concrete barriers between phases. 

A radical departure in the arrangement of busses 
and switch-house connections is incorporated in the 
desi^s of the new Calumet Station of the Common¬ 
wealth Edison Company, Chicago, and the Hell Gate 
Station of the New York Edison Company. The prin¬ 
ciple adopted in these stations is to separate the phases 
of each circuit, putting them into what practically 
amoimts to separate rooms, thereby eliminating the 
possibility of flash-overs, oil switch explosions, or other 
troubles resulting in short circuits due to the close 
proximity of all three phases. This layout has in¬ 
volved the design of new switch-operating gear so that 
the pots of each phase of an oil switch may be operated 
simultaneously from a single operating mechanism. 

Oil Circuit Breakers 

The niost important development in oil circuit 
brokers has been in the extremely heavy-duty type. 
The latest designs are for units having a rupturing 
capacity approximately twice that of any previous 

vX 58,000 arc-amperes at 15,000 

volts. This has necessitated designing the circuit 
breaker structure of sufficient strength to withstand 



TECHNICAL COMMITTEE REPORTS 


817 


shock and internal pressures in excess of any previously 
encountered. It has also required a design of the 
conducting details that will withstand the heavy 
magnetic stresses resulting from heavy short-circuit 
currents encountered only in the largest systems. 

For substation and auxiliary power service, there 
is a trend toward the truck type of circuit breaker. 
The designs that are being constructed are fully pro¬ 
tected by interlocking features to guard the safety of 
the operators. 

Paralleling the high-voltage developments in trans¬ 
former design, there has been a corresponding advance 
in oil circuit breakers for 220,000-volt service for heavy 
interrupting duty. These breakers are physically 
the largest ever constructed, the tanks being 8 ft. 
6 in. inside diameter, and 11 ft. high. The height to 
the top of the terminal bushing is 20 ft. For a three- 
pole unit, a floor space of 10 ft. by 30 ft. is required. 
Reactors 

Developments are still under way in the design and 
application of reactors, particularly as affecting certain 
mechanical features which have not given highly 
satisfactory results in operation. These changes have 
been made, and for present service conditions, the 
performance of this type of equipment can be con¬ 
sidered fairly reliable. 

A phase of the subject which is being appreciated 
more today than heretofore is the necessity for guarding 
against the introduction of too high a reactance in the 
tie-line connections between stations or large systems. 
Too low a reactance on large systems, particularly, 
will result in excessive energy transfer at time of trouble; 
and, on the other hand, too high a reactance will 
result in decreased synchronizing power, with the 
resulting operating complications at times of system 
disturbance. The subject of synchronizing power 
between stations as influenced by characteristics of 
equipment and tie-lines, prime movers and excitation, 
is one which warrants the most careful consideration. 

Disconnecting Switches 

The design of disconnectors is undergoing the same 
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improvement as has occurred in other bus and switch¬ 
ing connections. The danger of the loaded discon¬ 
nectors being opened is being removed by the very 
general use of pilot lights connected to the corres¬ 
ponding oil switches and by mechanical interlocking 
of the disconnectors with the oil switches. In the 
case of the new Calumet Station in Chicago, the dis¬ 
connectors will actually be operated simultaneously 
with the oil switch by mechanical interconnection so 
arranged that the disconnector opens immediately 
after the opening of the oil switch and the discon¬ 
nectors close immediately before the closing of the oil 
switch. In some stations, the interlocking is arranged 
on the doors in front of the disconnectors, thus safe¬ 
guarding against the opening of the switch before the 
corresponding oil switch has been opened. The rather 
frequent mistake of operating the wrong set of three 
disconnectors has been taken care of in some cases by 
a^ system of links and levers which operate all three 
disconnectors, or, in some cases, even six disconnectors, 
by the manipulation of a single lever which then may 
be locked in the open position if necessary. 

Operating Instructions 

Several companies have, during the last few years, 
prepared detailed operating instructions for their 
operating and maintenance attendants, covering the 
operation of transmission and station equipment. The ^ 
value of such instruction lies in replacing the word- 
of-mouth transmission of operating experience through 
a constantly changing operating personnel. Carefully- 
prepared, written instructions make it possible for 
operating attendants to be transferred to different 
watches and to work in different groups without the 
necessity of the men getting used to each other^s 
peculiarities of operating procedure. It facilitates the 
rapid breaking in of new men and makes the methods 
of operation more independent of personnel. The 
preparation of such instructions entails a large amount 
of painstaking labor, but in the opinion of those who 

have done so, is entirely justified by the results 
obtained. 

H. P. Liversidge, Chairman . 
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APPENDIX 

Important Articles on Power Station Design and 

Operation that have Appeared in American 
and Foreign Technical Journals 

A — Station Design, Operation and Costs 

“Efficient Operation of Central Power Stations,” by J. D. 
Morgan. Power, October 7, 1919. TMs article presents data 
and curves dealing with the operation of every unit and of 
the station as a whole and the systematic testing of all units 
to detect the falling off in efficiency and the exact cost of op¬ 
eration in the various departments of the plant. 

“Development of Automatic Hydroelectric Generating Sta¬ 
tions,” by T. A. E. Belt. Electrical World, February 28, 1920. 
The author deals with the automatic operation and remote 
control especially applicable to small and medium sized de¬ 
velopments and the use of synchronous and induction gener¬ 
ators for this service. 

“Power House Foundation,” by E. M. Lurie. Power Plant 
Engineering , February 1,1920. Information is given on methods 
for testing soil, column footings, drainage and other construc¬ 
tion problems in securing permanency of foundation. 

“Automatic Hydroelectric Stations,” by T. A. E. Belt. 
Electrical World, April 10, 1920. Details are given covering 
the operation of the automatic hydroelectric generating station 
of the Iowa Railway and Light Company at Cedar Rapids, 
Iowa and the remotely controlled hydroelectric generating sta¬ 
tion of the Ontario Power Company of Ontario, Cahfornia. 
Details of a proposed automatic system are given which will 
tie into a tranmission system which is fed by two very large 
steam driven generators. 

“Water Station of the Southern Power Company,” by W. S. 
Lee and Richard Pfaehler. Electrical World, May 8, 1920. 
Details and construction are given for a 90,000 h. p. generating 
station and outdoor switching station (the largest of company’s 
system) designed to provide for operation under extreme con¬ 
ditions of floods of large magnitude. 

“Data on Output and Load Factor of Largest Generating Sys¬ 
tem in America.” Electrical World, May 8, 1920. For all 
lighting, power and electric railway companies in the United 
States and Canada operating generating stations with outputs in 
excess of 100,000 kw-hr., the following data are tabulated for the 
years, 1917, 1918, and 1919: Peak load, date of peak load, 
yearly output, yearly load factor. 

“Steam-Electric Generation in Far West,” by W. F. Durand 
and C. H. Delany. Electrical World, May 15, 1920. Present 
tendencies in the design of generating stations on the Pacific 
Coast are outlined from the standpoint of fuel consumed, 
operation with hydroelectric systems, and the size of genera¬ 
ting station required. Automatic control is also discussed. 

“Importance of Control and Signalling Circuits in a Power 
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Station,” by Probst. Elektrotechniche Zeitschrift, January 29, 
1920. The author emphasizes the importance of clearness 
and neatness in mounting all auxiliary conductors and shows on 
photographs and tracings some examples of the AEG back 
of panel wiring system. 

“Stabilizing Large Generating Systems”. Electrical World, 
July 3, 1920. Abstract of features brought out by Dr. C. P. 
Steinmetz and R. F. Schuchardt in papers presented before 
the American Institute of Electrical Engineers. Operating 
conditions in the three large power houses of the Commonwealth 
Edison Company are outlined, giving an analysis of cable 
failures and the use of reactors. Conclusions drawn by Dr. 
Steinmetz regarding the use of power limiting reactors, and 
locating them in the system are given. 

“Water Power Plant at Gosgen, Switzerland.” Schweizerische 
Bauzeitung ' January to May, 1920. Details are given of hy¬ 
draulic construction with numerous illustrations. The develop¬ 
ment is located on the Aare at Gosgen, Switzerland and has a 
total rating of 45,000 h. p. 

“Hydroelectric Power Station at the Great Lake, Tasmania.” 
London Engineer, July 9, 1920. An interesting scheme of speed 
control of water wheels is described for which it is claimed the 
advantages of both needle and deflector regulation are secured. 

“Pelton Wheel Reconstruction,” by Percy Pitman. London 
Engineering, June 25, 1920. Structural changes in Pelton water 
wheels are described, first, to replace defective and broken 
buckets which were becoming a source of danger and, second, 
to economize water by putting on buckets of a more modern 
and efficient type. It is reported that the efficiency was im¬ 
proved about 5 per cent by these changes. 

“Niagara Falls 100,000-H. P. Development,” by John L. 
Harper. Electrical World, September 18, 1920. Details of 
the general engineering problems involved are given, together 
with comments by N. R. Gibson in hydraulic design and effi¬ 
ciency of units in plant, comments by L. S. Berin Bernstein 
of effect of loading on construction of substructures and main 
features of plant operation by George R. Shepard. 

“Centralizing Power Plant Maintenance,” by W. C. D. Eglin 
and F. C. Ralston. Electrical World, September, 25, 1920. 
The author points out that by separating maintenance of plant 
equipment from operation uniform standards of work can be 
established and a group of repair specialists developed. The 
plan of handling maintenance work in centralized shops is shown 
in organization charts listing the personnel of the maintenance 
sections and showing their relations to the other groups com¬ 
prising a station operation division. The system outlined is 
used in maintenance work in the generating stations of the Phila¬ 
delphia Electric Company. 

Analyzing Maintenance Costs.” Electrical World, Sep¬ 
tember 25, 1920. This article shows the relationships of the 
age of equipment to energy output and shows that electrical 
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apx>aratus is far less expensive to repair than steam equipment. 
Data are also given showing total repairs to be virtually propor¬ 
tional to plant rating. Maintenance costs of steam plant equip¬ 
ment for 1918 to 1920 in a station having a rating varying from 
43,000 kv-a. to 63,000 kv-a. are given. 

“High Economy in Small Steam Plants,” by E. H. Tenney. 
Electrical World, September 25, 1920. The author gives re¬ 
sults of experience in operating 28 plants containing one to 
three boilers. The causes of low efficiency are reviewed and 
means suggested for preventing, detecting and correcting op¬ 
erating conditions. 

“Springdale Station of West Penn Power Company,” by G. 
G. Bell. Electrical World, September 25, 1920. Details are 
given of the design of a steam plant with an ultimate rating 
of 300,000 kw. The station is located at a coal mine and coal 
is delivered to the bunkers direct from a mine tipple. Part 2 
of this article describes electrical and operating features. 

“Developments in Power Plants and Generating Stations,” 
by Alfred Still. Electrical Review, August 21, 1920. The author 
gives general tendencies in power station design, both hydro¬ 
electric and steam electric. * , , 

“Electrical Features of Niagara Palls Power Station,” by J. 
Allen Johnson. Electrical World, October 23, 1920. The 
author points out that to insure reliability of service and sim¬ 
plicity of operation each 32,500-kv-a. generator in the Niagara 
Falls 100,000 h. p. extension has been dealt with as a separate 
unit. Features of control are outlined. 

“Power Station Designs.” Beama, August, 1920. This 
subject is discussed under the following division: Drive of 
auxiliaries, maintenance of efficiency, condensing plant, feed 
water system, guarantees and testing, and over-all thermal 
efficiency of power station. 

“Dalmarnock Power Station.” London Electrician, Sep¬ 
tember 20, 1920. This is a new power plant erected on the River 
Clyde not far from Glasgow. The ultimate capacity is 150,000 
h. p. Energy is stepped up and transmitted at 20,000 volts 
to substations over three-core split conductors and six-core 
type cables using the Merz-Hunter system of protection. 

“Design of the New Canadian Niagara Power Project.” 
Engineering Neios^-Record, October 14, 1920. The article gives 
fundamentals which govern the design of the hydroelectric 
installation of the Queenston Chippewa hydroelectric plant 
of the Hydroelectric Power Commission of Ontario. 

“Electrical Equipment of the Super-Power Station at Golpa, 
Germany,” by H. Probst, Elektrotechnische Zeitschrift, September 
2, 1920. The output of this station was intended to be used for 
nitrogen fixation and to supply large nitric acid plants in the 
neighborhood with approximately 250,000,000 kw. hr. or 
one-third of the total output. The plant is located close to a 
lignite mine and is laid out for 64 steam boilers feeding eight 



822 


TECHNICAL COMMITTEE REPORTS 


A. E. G. turbines eaeb coupled to one 6000-volt 50-cycle 
22,000-kv-a. generator. 

“Electrical Features of Springdale Plant of West Penn Power 
Company,” by George S. llumphrej, Electrical World, December 
4, 1920. The author, describes the considerations in laying 
out this station to be operated at high power factor and the use 
of temperature detectors in generators and transformers, 
flexible scheme of supply for auxiliaries and balanced relay 
protection. Part 2 of this article {Electrical World, December 
11,1920) dealt with physical arrangement of equipment, balanced 
relays to protect generators and transformers and methods to 
indicate total station loads. 

“Interconnection of Power Systems,” by Harold W. Smith, 
Electrical Journal, November, 1920. The author deals with 
the important considerations in planning for interconnection 
of power systems and covers the following points: Selection of 
switching equipment, tie lines having ample synchronizing 
power to hold the systems in parallel; relay protection system; 
voltage conditions with regard to the flow of reactive current. 

“Safety-First Methods of a Big Power Plant,” Power, April 
19, 1921. Rules for protecting employes of the United Electric 
Light & Power Company, New York City against mechanical 
and electrical dangers. 

“Coal Handling Methods at New Baltimore Station,” Elec¬ 
trical World, Jan. 15 and 29, 1921. Details of how coal is 
received and handled in a 140,000-kw. station and the method 
of dividing the load with large hydroelectric plant. Generator 
fire protection and the welding of steam piping. 

“Switchgear in Modern Power Station,” by R. A. R. Bolton, 
English Electric Journal, October, 1920. Arrangement of 
circuits and typical connections with comments on the use of 
current limiting reactors to reduce effects of short-circuit 
currents. 

“Australian Steam Station of 125,000-Kw. Rating,” Electrical 
World, Feb. 19, 1921. Design of, a plant located in coal field 
where coal can be secured at cost of 50 cents per ton. All 
electrical equipment located out of doors. 

“Hydroelectric Station of 50,000-Kw. Rating Built in 15 
Months,” by R. C. Starr, Electrical World, Feb. 26 and March 19, 
1921. ^ Construction and design for Kerekhoff station of San 
Joaquin Light and Power Corporation at Fresno, Cal. Con¬ 
siderations that influenced layout of equipment. 

“Development of 450,000 Kv-a. on Pit River in California,” 
by A. H. Markwart, Electrical World, March 12, 1921. Plans 
for construction of five stations utilizing 2070 ft. drop in Pit 
River. Units of 35,000 kv-a. rating to serve 220,000-volt 
transmission line. 

“50,000-H. P. Waterwheels for 500,000-H, P. Plant,” by 
E. T. J. Brandon, Electrical World, March 20, 1921. Layout of 
equipment for Queenston-Chippewa station of Hydroelectric 
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Power Commission of Ontario employing 50,000-li. p. turbines 
under a head of 305 ft. 

“Colfax Station at Mouth of Coal Mine,” Electrical World 
April 2 and 16, 1921; Power, April 5, May 3, and May 24, 192l! 
Features of Duquesne Light Company’s Colfax station design 
incorporated to attain high economy and reliability of operation. 
Details of initial installation of 60,000 kw. for a plant of 300,000 
ultimate rating. Three-element compound 60,000-kw. turbo 
generators are installed and provided for. Duplication of 
circuits and equipment and arrangements to prevent spreading 
of troubles that may occur. 

“New Type of Switch House to Prevent Bus Short Circuits,” 
by B. C. Jamieson, Electrical World, April 2, 1921. Arrange¬ 
ment of New Calumet station of Commonwealth Edison Com¬ 
pany with details of wide separation of bus phases to preclude 
interphase short circuits. Use of current limiting reactors to 
exclude outside disturbances. 

“Plants of Chilean Exploration Company,” by M. Neustatter, 
Elektrotechnische Zeitschrift, Jan. 6, 13, and 20, 1921. Detailed 
illustrated article on station layout and equipment built by 
Siemens-Schuckert^ in Berlin for producing electrolytic pure 
copper from ores in Chile. Power station is rated at 40,000 
kv-a. Four 12,500-kw. steam turbines drive 9000-kw., 0.9- 
power factor, 5000-volt, 50-cyele, 1500-rev. per min. generators 
and receive steam from 16 B & W oil fired boilers. Descriptions 
of station electrical layout and transformer station are given, 
with wiring diagrams. 

“Output of Systems Exceeding 100,000,000-Kw-hr. in 1920 ” 
Electrical World, April 23, 1921. Peak load, date of peak and 
output for years 1920, 1919, 1918 and 1917 of 71 central station 
systems and 9 electric railway companies. Also tabulation of 
energy generated and purchased and that used for light, power 
and railways. 

“Delaware Station of Philadelphia Electric Company,” 
Electrical World, May 21, 1921. Factors taken into considera¬ 
tion in laying out a 180,000-kw. station on limited space at a 
time when steel was difficult to procure. Among the mechanical 
features ^ discussed are the coal and ash handling facilities, 
unusual furnace design, facilities tor converting to oil or powdered 
coal operation and the selection of auxiliaries. 

3 Prime Movers and Generator Design and Operation 

“Designs of Large Vertical Alternating-Current Water¬ 
wheel-Driven Generators,” by M, C. Olson, General Electric 
Review, November, 1919. The author calls attention to some ‘ 
of the special features that must be considered in the mechanical 
and electrical design of large hydroelectric generators. 

Spring Thrust Bearing and Cooling Coils on Larger Vertical 
Generators, by T. W. Gordon, General Electric Review, Novem¬ 
ber, 1919. The author states that for many years one of the 
limiting features of large vertical machines was the need of a 
simple thrust bearing. 
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“Features of Desigrf in Large Hydraulic Turbine,” byF. H. 
Rogers, General Electric Review, November, 1919. The author 
analyzes problems encountered in designing wheels of high 
efficiency for both low and high head applications. He calls 
attention to conditions under which certain losses become 
sufficiently important to warrant considerable effort to minimize 
them. 

“Failures of Turbo Generators and Suggestions for Improve¬ 
ment,” by J. Shephard, London Electrician, January 16 and 23, 
1920. In the opinion of the author failures may be roughly 
classified under (1) mechanical weakness, (2) electrical weakness, 
(3) heating and fire risks, (4) ventilating difficulties. An analysis 
of these failures is presented. 

“Alternators Rated at 22,000 Kv-a. for Glomfjord,” by J. 
Wennerberg, Teknisk Tidskrift Elektroteknik, November, 1919. 
This article gives drawings and pictures of two large three-phase 
generators built for the Norwegian Government’s plant at 
Glomfjord, Sweden. These are rated at 20,000 kv-a. with a 
continuous overload capacity of 22,000 kv-a. and are the largest 
water turbine driven generators built in Europe. 

“Effects of Short Circuits on Power House Equipment,” 
by E. G. Merrick, General Electric Review, November, 1919. 
The author deals particularly with the electromagnetic stresses 
and abnormal temperatures developed in power house equipment 
resulting from short circuits. 

“Mechanical Design of Large Turbo Generators,” by M. 'A, 
Savage, General Electric Review, February, 1920. The author 
deals with high speeds and increased stresses in the construction 
of rotors and the ventilation of the modern turbo generator. 

“Optimist’s View of Turbine Development,” by Richard H. 
Rice, Electrical World, April 17, 1920. Abstract of an address 
by Mr. Rice before the Boston section of the A. I. E. E. and 
A. S. M. E. in which he showed that turbine troubles were due 
chiefly to manufacturing conditions during the war. 

“Ventilation of Steam Turbine Generators,” by George 
Monson, London Electricity, March 12, 1920. The article 
reviews the development of forced air ventilation for cooling 
large generators and describes the modern closed air circuit 
with humidifying equipment and air dryers under the generator 
foundation. 

“Short-Circuit tests on a 10,000-kw. Turbine Alternator,” 
by E. S. Henningsen, General Electric Review, March, 1920. 
Data are given covering a series of tests on the performance of 
alternators ha'vdng smooth-core rotors under short circuit. 

Huge Induction Regulator Installation,” by Raymond 
Bailey, Electrical World, June 12, 1920. The author points 
out that in order to work transmission lines at maximum load 
the Philadelphia Electric Company has installed out-of-doors 
two 1750-kv-a., three-phase regulators and gives the conditions 
under which they operate. He presents a chart which shows 
how transmission line characteristics were determined. 
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“Electric Drive for Station Auxiliaries/' by E. E. George, 
•Electrical World, June 12, 1920. The author takes up the ad- 
'^a/Utages of electric auxiliaries and the economies that accompany 
^liose advantages. 

“Heating of Alternaltors and Induction Motors," by M. 
^aringolz, UIndustrie Elecirique, November 25, December 10, 
^nd 25, 1919. The author presents a set of formulas permitting 
tJae calculation of the working temperature of stator copper, 
^otor iron and rotor copper in alternators and induction motors. 

“Increasing Oil Circuit Breaker Capacity," by C. J. Hejja, 
Electrical World, July 10, 1920. The author gives details of a 
^tudy on a standard oil circuit breaker with a view of determining 
"tlbe extent to which the rupturing capacity at short circuit of 
switching units in present use may be increased in order to 
^^roid, if possible, the expense of replacing them by units of 
l^trger capacity or of a different type. A breaker equipped 
With pressure vents, hollow contact rods and improved liquid 
for quenching the arch showed greatly increased rupturing 
<^€tpaeity under test. 

“Predetermination of the General Dimensions of Electrical 
^IVlachinery," by H. de Pistoye, Revue Generate deVElectricite, 
Jctnuary 24, 1920. This article contains a number of general 
tiieorems regarding the relations between output and certain 
^^neral dimensions, such as rotor diameter, iron length, width 
of air gap, speed, etc. A general formula is derived which shows 
tire most economical relation of diameter to axial length for 
rotating machinery. 

“Grounding of Electric Machinery and Installations," by 
IT , Damien, Revue Generate deVElectricite, January 24, 1920. 
Tlie author cites the French rules regarding grounding of 
olectrieal installations and criticizes their vagueness in wording. 
.A^dvantages and disadvantages of different methods of grounding 
discussed and some practical suggestions given. 

“Governor Adjustment for Efficient Parallel Operation," by 
IT. Oppenheimer, Electrical World, Tu\j 31, 1920. The author 
I>i*esents speed load curves of prime movers with various governor 
a^djustments and gives details of the method used in adjusting 
tlie governors in the plant of the Pennsylvania Water and Power 
Company. 

“Present Tendencies in Turbo Alternator Design," by J. 
Sliepherd, London Electrician, July 2, 1920. The writer deals 
j>ii*rticularly with the problem of ventilating and water-cooling 
of turbo alternators. He also takes up the proper insulating 
of coils and the danger to coils of vibration. 

“Selection of Oil Circuit Breakers," by W. A. Coates, London 
JHIlectrician, July 2, 1920. The writer discusses the rating of 
oil circuit breakers with reference to breaker capacity as defined 
L>y the British Engineering Standards Association. He points 
oxxt the advantage in having graphic methods of determining 
slxort-eircuit current values in networks and shows a chart 
dovised for such use. 
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“Temperatures in Large Alternating-Current Generators,” 
by W. J. Foster, General Electric Revieiv, July, 1920. The 
author calls attention to certain advantages that would be 
derived in taking the air directly from the room and passing 
it away to some point in the building remote from the machines 
or out of doors. 

“Features of 37,500-H. P. Water Turbine,” Electrical World, 
October 2, 1920. In this article comments are presented by 
W. M. White on 'water wheel and generator considered as a 
homogeneous unit in the 100,000-h. p. extension to the plant 
of the Niagara Falls Power Company. Louis F. Moody dis¬ 
cusses the design of waterwheels for generators of diJ^erent makes. 

“Factors Determining Generator Design,” Electrical World, 
October 16, 1920. Comments by F. D. Newbury on the design 
of generators used in the new extension of the Niagara Falls 
Power Company together with comments by R. B. Williamson 
and W. J. Poster on designs-furnished by the Allis Chalmers 
Company and the General Electric Company respectively. 

“Repail* and Inspection of Hydraulic Turbines,” by L. W. 
Wyss, Electrical World, November 27, 1920. Practical informa¬ 
tion is given on taking machines out of service together with 
points to be observed during inspection. 

“Oil Switches for Large Electrical Power Systems,” London 
Engineer, September 3, 1920. Short-circuit characteristics of 
alternators and speed of oil switch opening with units of ex¬ 
tremely large size are discussed in this paper. 

“Continental Switch Gears,” by W. A. Coates, Beama, 
October, 1920. The author deals with circuit breakers and 
electrical layout common to European practise. 

“Recent Development in Turbo Alternators,” by P. D. 
Newbury, Electrical World, January 17, 1920. The author 
comments on the increase in ratings from 1913 to 1917 and the 
tendency in steam turbine-generator construction and operation. 

“Investigation of Water-Air Radiators for Cooling Generators 
and Motors,” by H. G. Reist and E. H. Preiburghouse, General 
Electric Review, February, 1920. The authors point out that 
in the case of electrically driven ships the usual method of 
washing the ventilating air for turbo-generator units cannot 
be applied on account of the space limitations on shipboard. 
The plan of circulating salt water through a radiator much on 
the order of the automobile radiator and cooling the hot ventila¬ 
ting air by this means, has been investigated by the authors. 
A number of data and curves is given to show the advantages 
of this method where space is limited. 

“Present Status of Large Turbo Generators,” by Dr. Louis 
Bell, Electrical World, January 17, 1920. The author deals 
■with the size of station and the requirements from the stand¬ 
point of economy and simplicity in station design and operation. 
The speed stresses are touched upon and the advantages and 
disadvantages of multiple-stage generating units. 

“Some Recent Developments in Large Steam Turbine Prac- 


TECHNICAL COMMITTEE REPORTS 


tise, by K. Baumann, April 7, 1921, Journal Institution of 
Electrical Engineers, London. The author reviews in great 
detail developments of steam turbine design and construction 
in Europe and America since 1912 to date and also deals with 
a new design which embodies a multi-exhaust system where 
the steam in the last stage passes partly into impulse blading 
and partly through reaction blading with claim of greater 
capacity and efficiency with no appreciable increase in over-all 
dimensions of single barrel turbines of the Curtis type. 

“Temperature Limits of Large Alternators,” by G. A. Juhlin. 
London Electrician, Jan. 28, 1921. The possibility of increas¬ 
ing temperature limits in alternators using class B insulation 
is discussed with list data for breakdown voltage of mica wrapped 
in copper bars after heating for 7000 hours at 190 deg. cent. 

“The Modern Hydraulic Turbine,” by Frank H. Rogers and 
Lewis F. Moody, Journal of Philadelphia Engineers Club, 
March, 1921. Two articles on the hydraulic turbine from stand¬ 
points of modern requirements; tests of models, special features 
of designs; and requirements of larger stations. Mr. Moody 
reviews the turbine’s evolution and describes new types of high 
speed runners. 

“Manufacture of High-Voltage Alternating-Current Wind¬ 
ing,’’ by W. Zederbohm. Siemens ZeitschrifL Illustrated des¬ 
cription of high-voltage motor, generator and regular windings 
developed during last 20 years. Asphalt treatment and inclosing 
of coils in sleeves of “Mikanite” standardized by Siemens-Schu- 
chert Works. 

“The Gas Turbine,” London Engineer, Feb. 11, 1921. 
Tests at works of Thyssen & Company on 500-h. p. gas jiurbine 
invented by H. Holzwarth and built in 1914. 

C Boiler Plant Design and Operation 

“What the Adoption of Higher Steam Pressure Will Mean,” 
by F. R. Parsons. London Electrician, January 2, 1920. The 
writer considers the effect of higher steam pressures on stand¬ 
ard boiler design, on the material used and on reciprocating 
engines. 

‘‘Extension to L Street Station, Boston,” by Charles H. 
Hromley. Po'U’er, eJanuary 27, 1920. Boiler room provided for 
convenience and economy. 30,000-kw. single-cylinder impulse 
turbine installed. 

“Electrically Pleated Boilers and Pleat Storage.” London 
Engineering, February 6, 1920. Details are given for the heat¬ 
ing of water by electricity where water power is inexpensive. 
Attention is called to tests on two electricity boilers in Switzer¬ 
land in which it is said that 90 per cent efficiency was obtained. 
Several makes of boilers equipped for electrical heating (mostly 
of Swiss origin) are described, - . ., 

“Sluicing Ashes Shows Low Cost,” by A. W. Morgan. 
Electrical World, July 3, 1920. The method used in the new 
Denver station of the Denver Gas So Electric Light Company 
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is explained, wMeh shows the handling cost of 16.4 cents per 
ton of ashes or about 2 cents per ton of coal fired. 

“Preparing Pittsburgh District Waters for Boilers.” Power 
Plant Engineering, August 15, 1920. Reference is made to 
the water of the Monongahela River where water pumped 
from mines into the river is highly charged with sulphates and 
the industrial pickling and by-product coke plants which line 
the river banks have a contaminating refuse water which is 
discharged into it. Efficient testing and treating required for 
this water are described. 

“Surface Condenser Maintenance,” by R. J, T. Wood, Elec-- 
irical World, September 25, 1920. The author shows by illus¬ 
trations the composition and structure of tubes. He points 
out that many steam station troubles are directly traceable 
to salt-water leakage in condensers where plants are near the 
seashore and discusses the over-all plant economy when adequate 
condenser maintenance is not attended to. Reference is made 
to maintenance work in the plant of the Southern California 
Edison Company at Long Beach and Rodondo Beach. 

“Steam Plant Metering Practise,” by Robert E. Dillon. 
Electrical World., September 25, 1920. The author points out 
that the checking of losses in the boiler room and the turbine 
room of large central stations by the aid of records from instru¬ 
ments is passing through the stage today which was passed by 
the electrical end of the station years ago. He refers to the 
types of instruments and records which are essential to effi¬ 
cient steam plant operation. 

“Emmet Mercury Boiler.” Power, August 3, 1920. Details 
are given for the construction of a mercury boiler and turbine 
which has been developed by W. L. R. Emmet and makes use 
of high boiling point of mercury and its condensing points at 
28 inches vacuum and 465 deg. fahr. The heat given out by 
the condensing mercury vapor makes steam of the cooling water 
and this steam may be used to drive another turbine or for 
any other purpose for which steam may be required. The ex¬ 
perimental equipment has been in operation with over 1000 kw. 
load on an electric turbine and its operation showed that the 
economies predicted .were fully realized. Mr. Emmet believes 
that with an increase of 15 per cent in the amount of fuel used 
the same amount of steam can be supplied to the turbines as 
under present conditions and a mercury turbine will generate 
power equal to about 66 per cent of the power generated by 
steam turbines. 

“Factors in the Design of Large Boiler Plants,” by J. G. Rol- 
low. Electrical Review, August 21, 1920. The author dis¬ 
cusses the principal factors affecting equipment of boiler plants 
of large capacity. 

“Selection of Steam Plant Meters,” by J. W. Andree. Elec¬ 
trical World, November 20, 1920. The author divides meter¬ 
ing of apparatus into classes necessary for safe operation, for 
good operation, and for checking results and gives a list of do- 
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vices included in each of these groups. He also shows that 
the proper use of correct meters will greatly improve economy. 
Reference is made to the results which are being secured in 
the Long Beach Steam Station of the Southern California 
Edison Company. 

“Economies to be Expected of a Super-Station,” by John A. 
Stevens. Power^ June 1, 1920. Table giving power costs for 
100,000-kw. turbine station with different priced coal. 

“Remodelling Stokers and Furnaces,” by T. A. Marsh, 
Electrical World, Jan. 22, 1921. How boiler ratings were in¬ 
creased 39 per cent by enlarging grate areas and improving 
arch designs- 

“Redesigned Stirling Boilers,” Electrical World, April 23, 1921 
and Power, April 19, 1921. Details of reclassification and stand¬ 
ardization to simplify tube lengths, drum locations and other 
fundamental elements. 

D — Fuel and Combustion Studies 

“Burning Low-Grade Coals of Montana and Wyoming,” 
by E. H. Bull. Electrical World, January 10, 1920. The author 
gives test data for fuels that have heretofore given operating 
men much difficulty and shows that proper furnace design 
will solve the combustion problem associated with the burning 
of such fuel. 

“Pulverized Coal in Central Stations,” by John Anderson. 
Electrical World, March 13, 1920. Data given on tests of five 
468-h. p. boilers using pulverized coal in the Oneida Street 
power station of the Milwaukee Electric Railway and Light 
Company. 

“Fusibility of the Coal Ash from Eastern Coal,” by Messrs. 
Selvig, Brown and Fieldner. Coal Age January 22-29, 1920. 
Tables are given showing the fusing temperatures of the ash 
of coal mined in certain sections of the eastern coal regions, 
the sections chosen being parts of Ohio, Virginia, Kentucky, 
Maryland, Tennessee, and Alabama. 

“Burning Oil with Mechanical Atomizers,” by Robert Sibley 
and C. H. Delany. Electrical World, March 27, 1920. Opera¬ 
ting details are given for the mechanical atomizing oil burner 
or pressure-jet burner with best operating pressure and temp¬ 
eratures outlined. 

“Handling Coal by Using Belt Conveyors.” Electrical World, 
April 10, 1920. Details are given for handling coal in modern 
plants with examples from installations in the Middle Vest 
and the East. 

“How Bituminous Coal Can Be Safely Stored,” by H. H. 
Stoek. Coal Age, March 18, 1920. A careful discussion 
of the best methods of storing various kinds of bituminous 
coal are given with, special reference to fire risk. 

“Burning Low Grade Coals of the Southwest,” by W. M. 
Park. Electrical World, April 24, 1920. Operating and test 
results are given with chain-grate settings of different types 
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with recommendations for using the fuel available in the South¬ 
west. 

“Pulverized Coal.”. Electrical Tinies, (London), May 20, 
1920. Deals with changes necessary in water tube boilers 
for the application of powdered fuel indicating that the front 
of a furnace may be extended and converted into a combustion 
chamber. 

“Storing of Coal for Central Stations,” by PI. H. Stoek. 
Electrical World, July 31, 1920. The author points out that the 
experience of recent years has emphasized the necessity for 
storing of coal and that coal should be of uniform size and free 
from dust, but with proper care, run of the mine may be stored. 
Details of various methods used are outlined, with a discussion 
of spontaneous combustion and the importance of size of coal 
in storage. Precautions to be taken in storing coal are also 
given. 

“Unusual Efficiencies with Oil Fuel,” by Joseph Pope and 
Prank G. Philo. Electrical World, October 9,1920. The authors 
give details of the arrangement for using fuel oil with mechani- 
eal atomizers in the plants of the Savannah (Georgia) Electric 
Company and the Blackstone Valley Gas and Electric Company 
of Pawtucket, R. I. Details of tests on the new installations 
are also given. 

“How the Coal Situation has Affected Central Stations in 
the last Six Years.” Electrical World, October 16, 1920. A 
tabulation is presented which gives the reports from 54 central 
stations showing the amount of storage, lands of coal pur¬ 
chased, the prices paid, and the pounds of coal used per kilo¬ 
watt hour. 

“Mechanical Oil Atomizer Efficient at 320 Per Cent Boiler 
Rating.” Electrical World, October 16, 1920. Details of 
tests made by the Babcock and Wilcox Company on a 450-h. p. 
boiler fired by mechanically atomizing oil burners are given 
by Darrah Corbet. 

“Remodeling Ignition Arches,” by T. A. Marsh. Electrical 
U orld, October 23, 1920. The author deals with the importance 
of properly proportioning ignition arches to combustion rates 
and points out that the desired stoker dimensions influenee 
ignition arch design on which capacity, efficiency, responsive¬ 
ness, and fuel range depend. 

“Efficient Handling of Fuel Oil.” Power, January 11, 1921 
to March 8, 1921. Storing, and feeding to furnaces. 

“Pulverized Coal Under Central Station Boilers,” by John 
Anderson. Power, March 2, 1920. Methods of applying 
equipment, and facts concerning operation. 

“Superpower Plant for Utilization of Peat,” by P. Bartel. 
Elektrotechnische Zeitschrift, Nov. 4, 11, 25, 1920. Design of 
a 120,000 steam-electric station to burn peat bog. The total 
production is estimated at 400,000,000 kw-hr. with a peat con¬ 
sumption of 920,000 tons per year. Details for storing the fuel 
are given. 
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“Ultimate Boiler Capacity Limited by Fuel Conditions,” by 
Joseph Harrington. Electrical Review, March 26, 1921. gize 
and characteristics of fuel and rates of combustion in furnaces. 
Fusing temperature of ash and its effect on rates of combustion 
on grates and in fuel beds. 

“Powdered-Coal Firing for Power Stations,” by Friedrich 
Mimzinger. Elektrotechnische Zeitschrift, Feb. 3, 1921. De¬ 
tails of different systems, for pulverizing coal, feeding it to 
boilers, and burner construction for large station units. 
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ANNUAL RE ORT OF ELECTRICAL 
MACHINERY COMMITTEE 

To the Board of Directors: 

In its endeavor to assist in advancing the art in the 
field coming within its scope, and in recording progress 
made therein, the Committee on Electrical Machinery 
has cooperated with the Standards Committee, the 
Meetings and Papers Committee and the Library 
Board of the A. L E. E. 

For some time it has had under consideration certain 
proposed changes in the Standardization Rules relating 
to high-potential testing in order to overcome the failure 
of the present rules to impose any test between adjacent 
coils in any circuit of any phase; any test between 
phase windings where the highest potential difference 
exists when the machine is operating, and to overcome 
the unknown stresses imposed at certain points due to 
the capacity effects in large machines. 

The Committee has reviewed for the Papers Com¬ 
mittee all the papers submitted for presentation before 
the A. I. E. E., or for publication in the Journal, that 
deal in any way with electrical machinery. Through 
the medium of papers solicited the Committee has 
aimed to place on record the advances in the art as 
indicated in design and theory as well as in the con¬ 
struction of the great power plants on sea and on land. 
It has arranged for the preparation and presentation 
of a paper by Mr. E. S. Henningson on “The Applica¬ 
tion of Synchronous Motors to the Propulsion of Cargo 
Boats”; a paper by Mr. John L. Harper on “Extension 
to Plant No. 3 at Niagara Falls,” and one by Mr. 
William M. White on “Hydraulic Turbine Develop¬ 
ment.” These three papers will be read at this Con¬ 
vention. 

For the purpose of determining in what way the 
Engineering Societies Library now supplies the wants 
of the Electrical Machinery Committee, or of persons 
interested in electrical machinery, a study was made of 
the conditions in the Library from the point of view, 
not of librarians, but of persons desiring to obtain 
information concerning the theory, design, construction 
and operation of electrical and allied machinery. 
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This study disclosed an unnecessarily unsatisfactory 
condition in the facilities placed at the disposal of 
engineers interested in, and under necessity for, in¬ 
vestigating new phenomena and for solving new prob¬ 
lems, and these facts have been laid before the Library 
Board of the A. 1. E. E. 

In the work undertaken by the Electrical Machinery 
Committee, the chairman has had the unanimous and 
enthusiastic support of the members of the’Committee. 

B. A. Behrend, Chairman, 
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ANNUAL REPORT OF PROTECTIVE DEVICES 
COMMITTEE 

To the Board of Directors: 

Several years ago it appeared that the work of the 
Protective Devices Committee would be conducted 
to better advantage if it should assume that the 
Committee would be largely reappointed from year 
to year and that it might undertake investigations 
which could not be completed within any one fiscal 
year. Since that time it has practically lost all interest 
in the fiscal year except for the purpose of making 
Its annual report in accordance with the Constitution. 

1 he. investigations of its sub-committees has continued 
from year to year and on several occasions the sub¬ 
committees have presented their report in the form 
of a paper before the Institute. 

At the present time the work of several sub¬ 
committees has not progressed to a stage where they 
are ready to present any lengthy reports in the form 
of papers, so that the present reports can be considered 
as progress reports. Several of the subjects under 
investigation by the Committee are discussed in the 
rollowmg summary. 

Current Limiting Reactors 

By P. E. Ricketts 

In view of the papers presented at the Annual 

hasX^“'hr sub-committee 

SLterest ^ that would be 

Certain papers presented at last year’s Annual 

bihty of high-voltage stresses between turns of reactors 
abnomal conditions of operation. Failures 
that had occurred in certain forms of reactors where 
bare conductors were suDoortpd K'lr « 4 . 

attnbuted to this cause' 

- atement and, as it has since been fairly definitely 
detemined that some of the failures were due to 
mechanical weakness rather than to high voltages it 
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seems proper to call attention again to this subject. 
This type of reactor has since been strengthened by 
adding more concrete supports for the conductors and 
. it appears that the trouble has been thereby overcome. 

Certain tests to determine the rupturing capacity 
of oil circuit breakers have been made that indicated 
that reactors while reducing the maximum current 
may subject circuit breakers to additional strains by 
tending to prevent the circuit from being interrupted 
at the zero value of current, which is the point at 
which a circuit-breaker usually interrupts the circuit 
in the absence of reactance. 

System Troubles 

By A. A. Meyer 

From replies to a request for data on system troubles 
experienced during the year 1920, information was 
received from a number of the larger companies. 

Some of the replies include numerous cases of im- • 
proper functioning of relays, but which were not serious 
in affecting the system. They could hardly be classed 
in the same category the committee considered for 
investigation. Moreover, several of such cases were 
cited without any word of explanation as to the possible 
cause of improper functioning. It would take con¬ 
siderable time and study to analyze all such cases of 
false tripping and draw any valuable deductions. I 
believe the committee should confine its attention first 
to the cases which seriously affect the system as a whole. 

Among the most noteworthy cases, the following 
performances and factors are of interest as affecting 
the system as a whole. Relays are reported as func¬ 
tioning too promiscuously on a transmission system. 
Instead of the relays close to the source of trouble 
functioning and isolating the trouble at once, these 
relays fail for various reasons, and as a consequence, 
relays elsewhere on the system operate and shut down 
large sections, if not the entire system. The reasons 
for the relays failing to isolate only the section in 
trouble are such as, incorrect connections, improper 
settings and shortcomings in the relays themselves 
when called upon under abnormal conditions on the 
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system, accompanied usually by low voltage. Several 
cases were cited where low pressure, delayed reverse 
power relays from functioning in the time that was 
intended. Some transmission systems comprise a series 
of sections with graded settings, the relays in each 
section being set a trifle above or below the settings 
on the neighboring sections. Where the series contains 
many sections the increments in the settings necessarily 
have to be small to avoid too high a setting on the 
section close to the source. In some cases the incre¬ 
ments are too low and due to slow circuit breaker 
operation, isolation of a fault is sometimes obtained by 
cutting out sections in additions to the desired one. 
In other cases the increments are too large and a 
fault occurring in a section close to the source is held 
connected too long to a system, and as a result the 
initial fault drags so hard on the generators as to 
throw them out of step, and a real system disturbance 
follows. Some desire has been expressed for the need 
of current limiting feeder reactors to avoid such a 
heavy drag on the generators due to a fault near the 
station. System troubles have also arisen out of sma ll 
initial troubles in several cases due to circuit breakers 
of inadequate interrupting capacity. Duties on circuit 
breakers not infrequently outgrow their capacity on 
fast Rowing systems. It is quite essential .that the 
capacity be checked up occasionally and compared 
to the duty which might be expected. 

Another noteworthy factor responsible for system 
troubles comes through the practise of providing 
low-voltage releases on power house auxiliaries. In 
several cases it was reported that low main bus pres¬ 
sure caused the plant auxiliaries to drop off, thereby 
making matters much worse. The practise of pro¬ 
viding such protection on plant auxiliaries needs careful 
reconsideration in, no doubt, many cases. 

In the above, reference h^ been made only to some 
of the short-comings of relay schemes. Outside of 
these, troubles have also arisen through electrolytic 
lightning arresters. One company reports several 
cases of fire^ some of which were quite serious, due to 
the arrester itself failing through some slight mis- 
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treatment. The hazard is greater than perhaps realized 
by many users of electrolytic arresters. 

The above are the main items of interest brought out 
in the replies to the committee’s request for a report 
on system troubles. No doubt there are several other 
cases of system trouble still unreported. It is hoped 
that some of these will be reported at a later date. 

Lightning Arresters 
By F. L. Hunt 

The sub-committee on Lightning Arresters has given 
consideration to the lightning arrester subject, with a 
view to determining what might be done by the 
members of the Protective Devices Committee to 
increase the usefulness of lightning arresters as protec¬ 
tive devices. 

Many engineers have questioned the necessity for 
using lightning arresters on all circuits because the 
results obtained from their use have been more or less 
unsatisfactory, due in part to inherent defects in the 
designs of the arresters, and in many cases on account 
of misapplication of the equipment that is available. 

In prder to obtain information regarding the present 
practise of engineers and operating companies in the 
use of lightning arresters, and to obtain as much in¬ 
formation as possible regarding the defects which have 
developed in the commercial arresters as produced 
today, and the unsatisfactory experiences which have 
been had in their use, a short questionnaire was sent 
to members of the Protective Devices Committee and 
to a few other operating engineers. A summary of 
these data is given herein. 

Twenty-nine copies of the questionnaire given below 
were sent out and twenty replies have been received 
up to the present time. We were also able to arrange 
a conference with Mr. R. A. Paine, who has collected 
data on lightning arrester practise to be used by the 
Overhead Systems Committee of the N. E. L. A., and 
to make use of those data so far as they applied to the 
questions under consideration by our committee. 
The sub-committee has not had an opportunity as a 
whole to discuss or consider the data which have been 
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collected. It is recommended that such consideration 
be given, however, either by the sub-committee or by 
the main Committee, in order that the greatest benefit 
may be obtained from these data. The questionnaire 
sent out was as follows: 

1. What general type of lightning arrester would you re¬ 
commend for feeder circuits of 1000-kw, capacity or greater, 
leading from a generating station or important substation? 

(a) 10,000 volts. (c) 66,000 volts. 

(b) 33,000 volts. (d) 150,000 volts. 

2. Under what circumtances, if any, do you think it advis¬ 
able to omit lightning arresters entirely from circuits of the 
above description? 

3. How many lightning arresters would you recommend and 
what general class of arrester for a substation from w^hich power 
was being distributed by six 22,000-volt overhead circuits? 
(Consider only 22,000-volt side of substation). 

4. On what class of circuits of 10,000 volts and above would 
you advocate the use of horn gap lightning arresters? 

In addition to the points raised above, the committee is 
especially anxious to get the fullest possible expression of 
your opinion as to the objectionable features in the principal 
types of lightning arresters used today on voltages of 10,000 
and above. 

We believe the work of the Protective Devices Committee 
in studying the uses and improvements desirable for protective 
devices can make progress on the lightning arrester problem 
by obtaining the reasons for the adverse opinions which exist. 
If you are willing to give us, therefore, the facts or experiences 
on which you base any objections you may have, it will be of 
great service to the committee. 

The replies to this questionnaire indicate that the 
general practise is remarkably uniform. A very large 
majority of the engineers replying to this questionnaire 
agrees in its recommendations on each of the points 
raised. There are a few notable exceptions, however, 
and a few opinions expressed which vary quite widely 
from the majority of opinions, but which are given by 
men of such broad experience and in such responsible 
positions, and are based on such definite cases of 
experience that we believe it advisable to give especial 
attention to these statements. Since we are all 
familiar with the general practise on these points as 
is evidenced by the majority of opinions expressed in the 
answers to these questions, we are perhaps warranted in 
giving especial attention to the exceptions to the rule. 
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The answers to Question No. 1 were as follows: 

(a) 16 — Oxide film 

15 — Aluminum cell 

1 Condenser resistance with horn in parallel to 
the condenser 
1 — Compression chamber 
1 Horn gap with water resistance 

(b) 16—Oxide film 

14 — Aluminum cell 
1 — No arrester 

1 — Horn gap with water resistance 
(e) 14 — Oxide film 

13 — Aluminum cell 

1 — Bennett type 

2 — Horn gap with water resistance 
1 — No arrester 

(d) 13 — Oxide film 

13 — Aluminum cell 
1 — Bennett type 

1 — Horn gap with water resistance 
1 — No arrester 

It should be noted in the above answers that the 
majority of those recommending oxide film recommend 
the aluminum cell also. 

Answers to Question No. 2 show 12 who believe 
there are no cases where arresters should be omitted 
entirely. There are several who are willing that they 
should be omitted at small substations or on short and 
unimportant lines, or at points not subject to lightning. 
One omits arresters for 30,000 volts and over, one for 
66,000 volts and over, and two on 150,000 volts and 
over. One omits arresters where apparatus of modern 
design is installed. 

The answers to Question No. 3 are as follows: 

13 Recommend one arrester for each circuit, of which 
ten recommend the oxide film. 

5 — Recommend one arrester on the bus. 

1 Recommends one arrester for each two circuits. 

1 Recommends one arrester for each transformer bank. 

The answers to Question No. 4 are as follows: 

11 Do not recommend in any case the use of horn gap 
arresters. 

4 — Recommend their use on unimportant circuits from 
small stations. 

3 Recommend their use with resistance in series on 
circuits of 12,000 volts or over. 

1 Recommends their use on 22-kv. circuits from substations. 


840 TECHNICAL COMMITTEE REPORTS 

1 — Recommends their use on all circuits over 10,000 volts . 

1 — Recommends their use on customer’s small substations. 

Of the comments on the objectionable features of 
lightning arresters practically all the remarks were 
applied to aluminum cell arresters. The disfavor toward 
the horn gap is shown by the small number that re¬ 
commends its use. Specific objections to this tyj>o 
were mentioned by a few, as follows: 

One objection made which applies to nearly ^11 
classes of arresters is that the spark gap used in most 
designs reduces very much the protective qualities of 
any arrester, provided the arrester could be designedl 
without a spark gap. 

Referring to the aluminum cell arrester, six object 
to the fire hazard of the aluminum cell, eight object 
to the care and excessive attention required to keep 
the aluminum cell arrester in operating condition anoL 
in a condition to be a protection to the line, and oxie 
states that the mechanical features are poorly designed 
and do not stand up in service. 

Extracts from some of the letters are as follows: 

Operation erratic and protective qualities questionable. 

Disturbances are set up by the discharge of horn gaps wixeia. 
used -without resistance. 

Do not stand up under service. 

As to the objectionable features of the principal types of 
lightning arresters used on voltages of 10,000 volts and above, 
I presume by “principal types” you refer to aluminum eleetaro— 
lytic type and the oxide film types. My principal ^ objection, 
to these types of arresters is that they are dependent for tlieiir 
operation on some-what obscure phenomena depending upon 
certain characteristics of the materials of which the arresbeir 
is constructed, these characteristics involving the action oj 
films of very minute dimensions. In my opinion a multipliei'fc 3 ^ 
of elements of so minute a nature cannot be depended upon 
to provide the strength and reliability necessary for a lightning: 
arrester. 

4: :ic 4: * 

I have witnessed a number of years of successful operation 
of large power plants with lightning protective equipment snb>— 
stantially as above, and during these years, at difierent times 
and places, both electrolytic and oxide film arresters have been 
tried out with indifferent success. I believe that all of tbe elee— 
trolytic arresters involved in this evolution have now destroyeci 
themselves, while the horn gap-water barrel combination is 
still successfully performing its functions. 

About two years ago I purchased 16 sets of oxide film arresters 
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for 12,000-volt circuits. Only one of these sets, so far as I 
know, has had a discharge pass through it and this set was prac¬ 
tically destroyed on this occasion. There was present at the 
time, it is true, an abnormal condition of high dynamic voltage, 
hut I am positive that a water barrel horn gap type of arrester, 
as above suggested, would not have been injured. It is my opin¬ 
ion that better protection at much less cost can be obtained 
by means of home made apparatus of the type suggested than 
by spending large sums of monej^ for hair-trigger types of 
arresters based on fine haired theories and obscure chemical 
reactions. 

Past experience with lightning arresters makes it difficult if 
not impossible, to justify their expense particularly so at 
the high voltages. Where companies have made consistent 
efforts to get definite data in regard to apparatus failures with 
and without arrester protection, the results occasion distrust 
as to the effectiveness of the protection afforded by arresters. 

One of the companies affiliated with the .Company 

has maintained a thorough record of this nature and finds 
that failures have occurred more frequently and have effected 
larger apparatus at installations protected with arresters than 
on other installations of lesser importance which have not been 
so protected. This is true both at 100 kv. and at 66 kv. 

ip ^ * SN * 

While it cannot yet be said that the omission of lightning 
arresters at the higher operating voltages is to be generally 
recommended, in view of the evidence at hand serious con¬ 
sideration should be given the subject and the justification for 
each new installation decided upon its merits. 

;}e * * * * 

We have kept careful records of apparatus failures on our 
high-voltage lines, and when we first began building these lines 
in 1910 we were of the opinion that it would certainly be nec¬ 
essary to have arresters to protect the apparatus. Our ex¬ 
perience with arresters, however, soon demonstrated that it 
would be a cheaper thing to have spare transformers than 
it would be to repair the very large and expensive aluminum 
cell arresters. We finally, in 1912, stopped using them entirely, 
and our expense of maintenance has been materially reduced. 
We probably pay some penalty in first cost of rather expensive 
transformers, but we feel that we are justified in getting the 
very best and highest type of transformers and dispensing with 
the lightning arrester, and feel that from the standpoint of 
service and the standpoint of economy we have made a gain. 

From an analysis of some of the reports on lightning 
arresters, and from a study of their designs, it appears 
that in order to secure the best protection, one of the 
paths through the lightning arrester should be a high 
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current capacity path, that is, a path that will allow a 
large current to flow at the time of lightning discharge. 
If such a path is provided, the arrester will have a 
lower maximum voltage across the terminals at time of 
discharge than will be the case if the discharge capacity 
or rate of discharge is limited by the insertion of a 
resistance. It is possible that with a resistance in 
series, the maximum voltage will be higher than the 
break-down potential of the apparatus or cables which 
the arrester is intended to protect. 

In general, transformers intended for a normal 
operating pressure of about 25,000 volts will withstand 
somewhat higher potentials than underground cables 
for the same working pressure. This is due to the fact 
that transformer windings are submerged in oil which 
has a high dielectric puncture value, and in addition, 
the end turns of transformers are generally built with 
extra insulation which will withstand higher voltages 
than the remaining turns in the transformer, and as the 
frequency of lightning discharges increases with their 
potential, it is the end turns in transformer windings 
which are subjected to the greatest strains at the time 
of lightning discharges. This means that for the 
protection of underground cables which are connected 
to overhead lines, arresters should be used having a 
high current capacity at time of discharge such as the 
aluminum cell or the oxide film arrester, while trans¬ 
former installations, for supplying individual customers, 
which are connected directly to the overhead lines 
may be protected by types of arresters which have a 
lower discharge capacity and therefore a somewhat 
higher maximum potential across the arrester at time 
of lightning discharge. 

Circuit Breakers and Switches 
By H. R, Woodrow 

Your sub-committee has analyzed the replies to the 
questionnaire on oil circuit breakers which was sent 
out in cooperation with the Apparatus Committee 
of the N. E. L. A., and Power Switchboard and Oil 
Ciicuit Breaker Section of the Electric Power Club. 

A short abstract of the general conclusions from these 
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replies was published in the March issue of the 
A. I. E. E. Journal. 

The Apparatus Committee of the N. E. L. A. has 
prepared a detailed summary of these replies which will 
be presented before the N. E. L. A. at its annual 
meeting in Chicago on June 1, 1921. 

From the discussion following the presentation of the 
paper on “Present Day Practise Limitations of Oil 
Circuit Breakers” at the midwinter convention, the 
following additional comments are made: 

Rated Voltages. The present standards of the 
A. I. E. E. specify that oil circuit breakers shall be 
given a dielectric dry test consisting of the application 
of 234 times the rated voltage plus 2000 volts between 
the live parts and ground for 60 seconds. Although 
the questionnaire did not indicate in any way that such 
a test would not give adequate insulation it was brought 
out in discussion that some operating companies are 
purchasing apparatus of a voltage rating higher than 
the system voltage on which the apparatus is to be 
used. 

It is recognized that the dielectric test recommended 
by the Standards of the A. I. E. E. must meet the 
requirements of average systems. It must also be 
recognized that systems not protected by adequate 
lightning arresters and systems of very large capacity 
may be subjected to voltage rises due to surges or light¬ 
ning that will exceed the insulation values required 
by the Standards of the A. I. E. E. Taking those 
points into consideration, it is not recommended that 
these Standards for dielectric tests be changed. How¬ 
ever, for systems that have characteristics, or in¬ 
adequate lightning arrester protection, such that higher 
insulation is required, the present practise of selecting 
apparatus of the next higher voltage rating is endorsed. 

Rated Continuous Current Carrying Capacity. As 
little trouble has been experienced from overheating 
of oil circuit breakers when carrying normal rated 
current, it is evident that if proper precautions are 
taken for alinement of current-carrying parts and ven¬ 
tilation of compartments, little trouble would be ex¬ 
pected from this source. 
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Rated Momentary Current Carrying Capacity. As 
a few cases of trouble were reported from this source 
and as a result of the tests made by the New York 
Edison Company, it is recommended that oil circuit 
breakers be given a short-circuit current rating for 
periods of both one and five seconds. 

Rated Interrupting Capacity. It appears from results 
of the questionnaire that the operating companies 
may require ratings on duty cycles other than the 
present recognized standard as given in the paper by 
Messrs. Hewlett, Burnham and Mahoney. There is 
considerable difference of opinion regarding the point 
of ending this duty cycle, the allowable condition of 
the breaker at that time, and what is considered 
satisfactory operation of the breaker. 

It has been impossible to answer satisfactorily these 
questions at this time, and it is therefore suggested 
that this matter be given careful consideration by the 
next year’s subcommittee. 

General Comments. The subject of oil circuit 
breakers as reported by this committee was intended 
to cover the field of station breakers which would 
have to rupture large amounts of power rather in¬ 
frequently, and is not intended to cover the subject 
of circuit breakers such as used in control equipment 
where they should be capable of interrupting full-load 
current a large number of times per hour for long 
continued periods and not be required to interrupt 
heavy short-circuit currents. 

The activities of this sub-committee have been 
confined this year entirely to the subject of oil circuit 
breakers, and it is suggested that next year’s sub¬ 
committee consider the question of rating and ruptur- 
ng capacity of fuses, both of the power class and 
potential transfoimer class, in addition to following 
up the study on limitations of oil circuit breakers. 

Schemes of Relay Protection 

By E. A. Hester 

It is the function of the sub-committee on Schemes 
of Relay Protection to act as a clearing house for all 
information on protective relay schemes and to present 
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this information in such a form that it will be an authori¬ 
tative record of the progress of the art. The results 
of the first questionnaire, which was presented to the 
Institute in June, 1919, covered only such schemes as 
were recognized as standard because of their successful 
operation. 

A second request for information was sent out 
February 24, 1920, in order to obtain an authentic 
record of schemes which are being, or have been, tried 
out and proved successful or abandoned as worthless. 

In pursuance of the program outlined in the report 
of the Committee last year, the members to whom the 
six Geographic Sections of the United States and 
Canada were assigned have submitted to the Chairman 
answers to the request for information from practically 
all the operating companies to whom these requests 
were sent. Much interest was manifested by the 
various companies in the work of the subcommittee 
and, while some of the replies were delayed because of 
the pressure of other work, it may be said that, in 
general, they responded very promptly. 

In replying to this request practically every company 
has given a description of all relay schemes which it 
has used, both standardized and otherwise. In many 
instances the information on the standard schemes is 
much more complete than that which was given in the 
reply to the first questionnaire, thus adding to the 
completeness of the, sub-committee files and further 
substantiating the conclusions given in the previous 
report. 

On account of the very large volume of material 
contained in these reports the subcommittee has not 
yet been able to coordinate it into the form of a report. 
A great amount of classification and compilation will 
be necessary in order to reduce the information to a 
report of practical value, and the subcommittee is now 
engaged in this task. It is planned to present this 
report in a meeting of the Institute some time next 
winter. 

In addition to the various schemes described in the 
June 1919 Institute Proceedings several companies 
have reported the successful use of other schemes and 
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not a few reported certain schemes still on trial or tried 
out and abandoned. It is not possible to describe 
these in this brief resume, though casual mention of 
two or three of those now in successful operation will 
be of interest and will serve as an indication of the 
general trend in protective work. 

A new pilot wire scheme has been used very success¬ 
fully over a period of approximately three years by 
one large company. This company's system has 
become so complicated that considerable difficulty 
was experienced in determining relay settings and in 
securing selective action of relays. 

The new pilot wire scheme was therefore developed 
in order to reduce the number of relays requiring pro¬ 
gressive settings and to simplify and reduce the settings 
on other relays where this could not be used. It is 
known by its originator as the Balanced Differential 
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Fig. 1 Schematic Diagram of Balanced Differential 
Relay System 


Relay System, and depends for its operation upon an 
unbalance of currents in the differentially wound 
relay coils. Such unbalance in the case of a fault 
on the line results from partial or complete opposition 
of e. m. fs. on the pilot circuit. On a through fault 
the e. m. fs. are additive and equal currents flow in the 
relay coils, but in opposite directions, so as to neutra¬ 
lize. Under riormal conditions no current flows through 
the relays or in the pilot circuit. 

This scheme is illustrated in Fig. 1 and as may be 
seen, only two pilot wires are necessary. It is very 
simple, and on short lines compares favorably in cost 
with other standard installations. The cost will 
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increase, however, as the line becomes longer because 
of the necessity of pilot wires. 

In case this scheme is used on ungrounded systems 
where a ground is not involved in the fault it will be 
found necessary to use a modification employing three 
pilot wires. This is not illustrated. 

Another company reports the successful use of a 
modification of the balanced or cross-connected relay 
scheme in which an additional double-contact differ¬ 
ential current relay is used. This scheme is applicable 
to parallel lines, the lines being paired off and balanced 
against each other. In the case of three lines the 
current relays on the third line are given special 



Pig. 2—Schematic Diagram Showing Dippbrentiai. Relays 


settings. The.differential relays are not used to trip 
the circuit breakers but to reduce the time settings 
of the relays on the faulty line to approximately one- 
half that of the relays on the other line. Thus the 
faulty line of the pair is selected and the other line is 
left with adequate relay protection. Advantage for 
this scheme, over the instantaneous balanced scheme, 
is claimed in that the circuit breaker is not called upon 
to interrupt the initial rush of current. If it is desired 
however, the differential relay can be connected to trip 
the circuit breaker direct. A diagram of the con¬ 
nections used is shown in Fig. 2. 
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The cost of this scheme is the same as that of a 
standard installation except for the additional cost of 
the differential relay, which is practically the same as 
that of the standard induction type current relay. 

One very interesting installation of selective ground 
relays is reported. All operations up to the date of 
the report had been successful but the time of service 
was not considered sufficient to prove definitely its 
value. The scheme was installed with the expectation 
that faults of slow development to ground would be 
cleared at an earlier stage than is possible with phase 
relays, thus preventing the trouble from being com- 



Fig. 3—Schematic Diagram Showing Use of Ground Relay 


municated to nearby lines and preventing the system 
from being subjected to severe shock. . 

A special relay wound for low operating current 
and having low energy requirements is inserted in the 
current transformer neutral lead on standard current 
and power relay installations. When used with current 
relays this ground relay trips the circuit breaker direct, 
while with power relays at the substation end it is 
arranged to short-circuit the over-current phase relay 
contacts, thus leaving the power relay to discriminate 
as to direction of power flow. The principle of opera¬ 
tion is obvious since current will flow in the ground 
relay only upon the occurrence of a ground. Therefore, 
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in the case of phase to phase short circuits the operation 
of the phase relays is not interfered with. This may 
be clearly seen by referring to Fig. 3. 

The cost of this scheme exceeds that of the standard 
installation only by the additional cost of the ground 
relay which is practically the same as that of the 
standard type current relay. 

The above developments would indicate that the 
general trend is toward the selection of defective lines 
by means of the fault or trouble current rather than 
by relying altogether on the use of progressive time 
settings and current settings on the basis of the total 
current. As systems grow larger and more complicated 
progressive settings necessitate maximum time in¬ 
tervals which are so high as to be impracticable and the 
need for adequate schemes which do not require pro¬ 
gressive settings has become a necessity as well as 
a convenience. While no scheme has as yet been 
developed which can be universally applied and which 
will obviate the necessity of progressive settings, the 
manufacturing and operating engineers are to , be 
commended for their efforts toward this end. Results 
which have recently been obtained give promise of a 
closer approach to the ideal means of protection. 

It is the aim of the sub-committee on Schemes of 
Relay Protection to preserve an accurate record of 
the developments and operations of the various pro¬ 
tective schemes, which records will be available to 
the operating and manufacturing companies under the 
Committee rules. It is to be hoped that the service 
of this subcommittee will play some part in preventing 
duplication of effort among engineers and foster a 
gradual tendency toward the standardization of 
protective relay schemes and devices. 

D. W. Roper, Chairman. 
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ANNUAL REPORT OF IRON AND STEEL 
INDUSTRY COMMITTEE 

To the Board of Directors: 

During the past year, the important part played by 
electricity in the Iron and Steel Industry has in no 
wise diminished, although the extent of the growth 
of electrification has been relatively small as compared 
with recent years, due to the almost complete cessa¬ 
tion of expansion in the industry, beginning in the 
latter part of 1920. 

Periods of business depre^ion, with the coincident 
demand for low production costs, invariably bring into 
prominence the wasteful and imperfect producing 
element of each plant, and the present period is no 
exception. Furthermore, the present necessity for 
finding ways and means of meeting low-priced competi¬ 
tion in foreign markets adds emphasis to the searching 
out of inefficient units. • As heretofore, the more 
general application of electric power is usually an 
important factor in the strengthening of the weak 
links, so that at this time, a large amount of electrical 
installation, particularly in the line of replacing steam 
engines in the drive of main rolls, is recognized as 
essential and is only waiting upon the devising of means 
of financing. 

Much progress has been made in the most recent 
installations of reversing mill drives and of adjustable- 
speed equipments for the lighter finishing mills. Con¬ 
trol equipment of all kinds shows marked tendencies 
toward simplification, although at the same time 
making possible considerable reduction in the human 
element in the industry. 

In common with all industry, the iron and steel 
plants of many parts of the country will, on resumption, 
be confronted with the power problem and much 
attention is being directed toward the development 
of dependable low cost sources of electrical energy. 
Again, in steel plants of size, the transportation of the 
raw and semi-finished materials within the plant limits 
is responsible for an important percentage of the total 
production cost and investigations are being directed 



TECHNICAL COMMITTEE REPORTS 


851 


to the possibilities of the reduction of this item by 
yard electrification. 

Your Committee cooperated in every possible way 
with the Pittsburgh Section and Meeting and Papers 
Committee of the Institute in arranging for the In¬ 
stitute Meeting in Pittsburgh on April 16th in joint 
session with the Association of Iron and Steel Electrical 
Engineers. One of the papers was prepared by D. M. 
Petty, a member of the Committee, and other members 
contributed discussion. The meeting was a very 
successful one and served to continue the close and 
harmonious relations so desirable between these two 
national societies. 


William P. James, Chairman . 
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ANNUAL REPORT OF TRANSMISSION AND 
DISTRIBUTION COMMITTEE 

To the Board of Directors: 

The Cable Research sub-committee appointed 
jointly by your Committee and the Underground 
Systems Committee of the National Electric Light 
Association continued its work during the year. 

As the standard specification for paper-insulated 
lead-covered cables, completed by the sub-committee 
last year, met with such general favor, it was suggested 
that the sub-committee prepare similar standard 
specifications for rubber and varnished cambric in¬ 
sulated cables. 

^ For the reason that considerable work along these 
lines had already' been done by committees of other 
technical organizations but particularly because the 
Institute had recently joined the American Engineering 
Standards Committee it appeared that the entire sub¬ 
ject of cable specifications should be brought before 
that body. 

A conference was called in New York on February 
2nd, 1921 by the American Engineering Standards 
Committee and after a thorough discussion of the 
many considerations involved it was unanimously 
decided that the unification of cable specifications for 
wires and cables for other than telephone and telegraph 
mse should be undertaken under one general plan cover¬ 
ing substantially all the more important uses. This 
work is now being carried out under the auspices and 
in accordance with the rules of procedure of the Ameri¬ 
can Engineering Standards Committee. 

In the matter of standardization of cable ratings, 
some work has been done by the Cable Research sub¬ 
committee and further investigations are in progress. 
Similar work is under way in England under the super¬ 
vision of the British Electrical and Allied Industries 
Research Association. 

The published report of that Association as well as 
the investigation so far conducted by the Cable Re¬ 
search subcommittee show very clearly a lack of 
agreement as to the maximum permissible operating 
temperature of paper insulated cables. 
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Until an agreement can be reached on this very 
important point it will be impossible to arrive at any 
definite conclusions regarding cable ratings. It may 
be possible, however, to prepare a tentative rating 
for cables of various sizes and voltages to show the 
permissible current for various maximum temperatures 
and under definite physical conditions, leaving it to 
each user of cable to determine, for the present, the 
maximum permissible temperature for his own cables. 

At the Midwinter Convention of the Institute, one 
session under the auspices of the sub-committee on 
Wires and Cables, was devoted to the discussion of 
cable ratings and papers were presented by a number 
of manufacturers and users of paper-insulated, lead- 
covered cables. 

A number of those participating in the discussion 
expressed the opinion that the maximum limit of 
85 deg. cent, is too conservative for low-voltage cables 
in which the dielectric losses are small and several 
believed that the limit should be placed at 105 deg. 
cent, which is the limit for fibrous insulation in elec¬ 
trical apparatus. 

It is expected that steps will.be taken during the 
coming year to initiate investigations which will 
result in a definite determination of this maximum 
permissible temperature. 

Tendencies in Overhead Transmission 
AND Distribution Practise 

Transmission. The present tendency in trans¬ 
mitting electrical energy is decidedly toward the use 
of increased voltages. This is particularly so in con- 
idering transmission problems, which problems are 
now involving the transfer of larger blocks of power 
over longer distances than were formerly considered 
practical and economical. 

The interconnecting of various load centers to take 
advantage of diversity in demand is receiving the care¬ 
ful attention of transmission engineers. Transmission 
lines operated at 150 kilovolts have been in service for 
a number of years and materially higher voltages are 
now considered. At least one line, that of the Southern 
California Edison Company, is under construction for 
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220 kilovolts. This line is being built in connection 
with the Big Creek No. 8 hydroelectric development 
and will form part of a system for transmitting over a 
distance of 240 miles, about 750,000 h. p. at 220 kilo¬ 
volts. 

It would appear that the limit in transmission volt¬ 
age will be governed by the successful development 
of conversion and switching apparatus to control the 
large amount of energy requiring such volt¬ 
ages. Practically all the earlier transmission lines 
were constructed on steel supports. There is a tend¬ 
ency today, however, particularly in the West, to con¬ 
struct such lines on wood supports, using spans up to 
six hundred feet in length. 

The quality of insulators now available is apparently 
much better than that obtainable prior to about 1915. 
This applies particularly to suspension insulators, and 
while suspension insulator practise since 1915 has shown 
improvement in performance under operating con¬ 
ditions, a sufficient length of time has not elapsed as 
yet, to measure this improvement. The design of pin 
insulators has undergone a decided change in recent 
years; as now designed they are more substantial, 
and their performance has been considerably improved. 
The tendency today apparently acknowledges the 
greater necessity for a more careful selection, dependent 
on load characteristics, climatic conditions and also 
a higher electric factor of safety than was former 
practise. Every effort is being made to increase the 
margin of puncture over flashover voltage. Arcing 
horns and similar devices are coming into use, so 
designed that no part of the insulator or conductor 
will be damaged during flashover, by the heat of the 
arc. 

The effect of heat cycles, cement expansion, and 
similar characteristic changes in insulators is being 
studied in order to reduce to a minimum the sO-called 
insulator depreciation. The results obtained thus far 
cannot be said to warrant any radical change in the 
physical design. 

Apparently, overhead ground wires for lightning 
protection are being discontinued in many locations 
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except where such wires have been installed to provide 
additional stability to the line structures, dependence 
being placed entirely upon the successful performance 
of the lightning arresters connected to the line. 

The practise of carrying on maintenance and repair 
work on live transmission lines seems to be gaining in 
favo^ special tools and equipment having been designed 
for changing insulators, carrying on new construction 
work and making repairs to both the line and its ac¬ 
cessory equipment. 

Aerial cable operated at voltages up to 26,000 has 
been installed through thickly settled communities 
for transmission purposes. This field seems to pro¬ 
vide a possible solution to many problems involving 
the transmission of large blocks of power, through 
thickly settled territories, which heretofore has been 
considered possible only by the installation of an under¬ 
ground system. 

Distribution. It would seem that no great change 
is to be expected in the 2200-4000 volt distribution 
system, so generally used at the present time. To 
provide for the rapidly increasing demand for electric 
service, additional substations are being installed, fed 
by aerial or underground transmission lines at relatively 
high, voltage, from which substations the lower voltage 
primary circuits radiate. 

The diverse character of the loads now being con¬ 
nected is resulting in the practise of dividing distribu¬ 
tion systems into distinctive lighting and power 
service. It is common practise to construct power 
circuits at a higher primary voltage than the lighting 
circuits, connecting to the power circuit large motor 
loads, electric furnaces, welders, and similar types of 
utilization equipment; and as such equipment is usually 
of low power factor, special attention is being given 
to the development of power factor corrective appara¬ 
tus in order that the entire capacity of such feeders 
will be available for distribution purposes. 

The banking of transformers where the loads are 
congested, is now being generally considered, it having 
been demonstrated by a number of installations, that 
not only the power loss is materially reduced but the 
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investment cost in transformers, copper and other 
similar items is materially lowered. 

The greatly increased loads now commonly dis¬ 
tributed, together with the large capacity of many of 
the systems is necessitating'the complete redesign of 
much of the line switching and protective apparatus. 

Probably the most recent distribution problem is 
the connecting of the loads in the more scattered or 
rural districts. The development of the so-called 
“farm lines” to reach this class of service has been very 
rapid. Electric service is a necessity to the modem 
farming community and its connection is resulting 
in the development of distribution circuits of 13,000 
volts, more or less, constructed in a substantial manner 
but without the refinements of city construction. Such 
service is becoming available in practically all sections 
of the country. Extensions twenty-five to thirty 
miles in length feeding from fifteen to twenty customers 
are becoming common. 

Tendencies in Underground Cable 
Practise 

Higher-Voltage Cables. Better knowledge of the 
characteristics of impregnated paper insulation has 
made it possible to manufacture cables for operation 
at voltages much in excess of those formerly standard. 

Three-conductor paper-insulated cables are now 
being manufactured to operate at 33,000 volts whereas 
in the past 25,000 has been the maximum voltage 
commonly used with this class of cable. 

During the year one of the largest central station 
companies ordered cable to be operated at a voltage 
higher than any heretofore used in this country. In 
Chicago there will be installed during the year about 
thirty miles of three-conductor cable intended for a 
normal working pressure of 33,000 volts. This cable 
will have sector shaped conductors each of 350,000 
cir. mils, with 19/64 in. insulation around each con¬ 
ductor and 7/64 in. outer belt; the thickness of the 
lead will be 9/64 in. The over-all diameter will be 
about 2.95 inches, so that it can be installed in a 
3H inch duct. This cable will be used for two tie 
lines between a new generating station and one of the 
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older generating stations which is near to the center 
of distribution. 

It is also possible by reverting to single-conductor 
design to manufacture cable for operation on circuits 
rated at ,60,000 or possibly 100,000 volts. This in¬ 
crease in voltage at which underground cables can be 
operated is an important advance, as high voltages 
have long been used on open wire circuits and in many 
cases the inability to construct cable of corresponding 
voltages has been a serious disadvantage. There will 
be many instances where high-voltage cables can be 
used to advantage in eliminating the necessity of extra 
transformations. • 

It is understood that the 60,000-volt single-phase 
feeders of the St. Gothard line in Switzerland has 
recently been placed in service, 30,000 volts being 
impressed on each single-conductor cable. 

Larger Cable Sizes. The necessity for using larger 
sizes of conductors has further increased the demand 
for sector cables on account of their smaller over-all 
diameter. 

Two-conductor D-shape sector cables of 1,000,000- 
cir. mil and 1,500,000-cir. mil cross section are being 
used to a large extent on Edison d-c. three-wire cir¬ 
cuits. The principal reasons for using this type, in¬ 
stead of the concentric type formerly employed, are 
the greater ease in splicing and the better balance of 
the resistance between the two sides of the three- 
wire system. 

Dielectric Losses. The subject of dielectric losses 
in cables is recognized as being important, but on ac¬ 
count of the material reduction in the dielectric losses 
in cables as at present manufactured, the subject is 
not so often overstressed as was the case when the 
matter was first generally discussed. It should also 
be noted that cable properties are largely interdepend¬ 
ent and that undue development of one characteristic 
may result in the sacrifice of some other equally im¬ 
portant feature. 

There is now available, cable which will not have 
more than 0.75 watt dielectric loss per foot of cable 
when operating at the maximum temperature allowed 
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by the Institute Standards. Cables having dielectric * 
losses within the limits shown in Fig. 1 will be fount I 
satisfactory. 

Hochstadter Cable, Hochstadter Type H tripleK 
cable in which the insulation of each single conductoi* 
is covered with an electrically conducting foil (usually 
of copper) and the three individual conductors as¬ 
sembled without any belt insulation, is in successful 
operation at high voltage. 



Two companies have recently ordered three-con* 
ductor cable of the Hochstadter type for operation at 
about 25,000 volts. One of the companies ordered 
only sufficient cable for a portion of the line and thi* 
remaining cable was of the ordinary type with thi- 
insulation divided between the conductor and thi* 
outer belt. In the other case the entire order was for 
cable of the Hochstadter type but the manufacturer*, 
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at the request of the Cable Research subcommittee, 
made up a short length of the usual type three-con¬ 
ductor cable for a comparative test, this cable being 
made of the same materials and manufactured at the 
same time as the Hochstadter cable. 

As a result, the Committee has available the two 
sizes of Hochstadter cable to compare with the same 
sizes of cable insulated in the usual manner and has 
arranged for comparative tests of the merits of the two 
types of cable. A number of the larger operating 
companies, and the National Electric Light Association 
have contributed to the fund necessary for making 
these special investigations, the result of which should 
be available during the coming year. 

CTystcdlization of Lead Sheath. Though the method 
of applying the lead sheath to underground cables has 
changed but little in many years, there has recently 
come to notice a number o! cases where the lead sheath 
has crystallized. This is not a new condition but in 
the past it has been comparatively infrequent. There 
have been a number of cases where cable shipped for a 
considerable distance showed signs of defective lead 
on arrival at its destination while other instances of 
similar character have been noted in the sheath of 
cables that were subjected to vibration after installa¬ 
tion. . 

There is evidence of a direct relation between vi¬ 
bration and crystallization of the lead sheath, but it 
has not been definitely determined whether crystalliza¬ 
tion is hastened by improper methods in manufacture. 
It has been suggested that in many cases crystalliza¬ 
tion has been caused by localized impurities, or by the 
lead having become too cold in the die. 

Power Cable Testing. Power cable testing practise 
is at present divided into four important branches: 

1. Factory research and routine tests. 

2. Independent laboratory tests. 

3. Factory inspection and acceptance tests. 

4. Field or installed tests. 

1—Factory Research and Routine Tests. Factory 
research and routine has in recent years been stimulated 
by the demands of users for cable of higher quality. 
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suitable for operation at increased loads, higher 
temperatures and higher voltages. Research work by 
progressive manufacturers has resulted in greatly 
improved product in all respects. It has also indicated 
most forcibly the need of improved routine tests in 
order to check materials and processes so that uniform 
high quality may be insured at all stages of manu¬ 
facture. If the routine factory tests are properly 
planned and carried out during manufacture a con¬ 
sistently uniform product may be turned out, which 
need be checked only occasionally by special laboratory 
tests on the finished product. It is obvious therefore 
that the selection of materials and their handling 
during manufacture are the most important features 
of cable manufacture. 

2 —Independent Laboratory Tests, Independent 
laboratory tests have been carried out, at the request 
of both consumers and manufacturers. The results 
have been of great value from the standpoint of all 
interests for the following reasons: 

а. Standard methods of testing have been 
formulated. 

б. Advance information has been secured by con¬ 
sumers and manufacturers alike, which has in some 
cases resulted in manufacturers realizing the desir¬ 
ability of having their own laboratories equipped for 
test and research of similar nature. 

c. General information which has been given out 
by such laboratories has shown a great lack of uni¬ 
formity in the product of some cable manufacturers. 
This non-uniformity appears to be due to lack of 
knowledge as to how the component parts of a cable 
must be handled and tested during manufacturing 
processes. 

S—Factory Inspection and Acceptance Tests, It is 
the practise of many users of power cables to carry 
out inspection at the factory before cables are accepted 
for shipment. Some also inspect during the process 
of manufacture as far as permissible without unfair 
inquiry into manufacturing secrets. This practise, 
which appears to be growing rapidly, keeps the manu¬ 
facturer on'the alert because his ultimate profit de- 
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pends upon the acceptability of his product with a 
minimum number of rejections. 

4 —Field or Installed Tests. Many power cable 
users make regular tests after installations to detect 
injury during installation, and inadequate or faulty 
jointing. These tests vary from insulation resistance 
tests only, to complete high potential, insulation 
resistance, conductor resistance and capacitance tests. 

In some cases it appears that unnecessarily severe 
tests are made which may result in injury to the cable. 
The test of service is undoubtedly the best of all. 
Any test which will detect incipient faults due to 
handling or installation - is all that is reasonably re¬ 
quired in addition to the factory tests and the test of 
time. 

The safe loading of cables requires a knowledge of 
the characteristics of the cable location. Test to 
determine their characteristics are not, strictly speak¬ 
ing, cable tests, but they are of equal if not greater 
importance. This subject is being studied in this 
country as well as abroad and some preliminary results 
have been published in the technical press. 

General. The Committee has called attention in 
previous reports to the reduction in dielectric loss at 
relatively high temperatures. Routine factory, tests 
inaugurated by some manufacturers have made it 
possible to predict with accuracy the dielectric losses 
in the finished cable, which constitutes an important 
step in the production of cables uniform in this respect. 
One of the most important results not inconsistent 
with uniformly low dielectric losses is uniformity of 
dielectric strength, which has been noted to a consider¬ 
able extent. The Committee does not think it proper, 
however, to refer more specifically to routine tests as 
they are largely the result of factory research. 

There appears to be little of importance to report 
with respect to new methods of testing cables with 
high voltage, either in the factory or field, with the 
possible exception of the use of d-c. devices such as the 
kenotron. This device appears to have possibilities 
of great importance and, as used experimentally by at 
least two utility companies, appears to fill a long-felt 


862 


TECHNICAL COMMITTEE REPORTS 


want for a light and portable apparatus for cable 
testing, and requires but a very small amount of power 
or capacity for its operation. 

Attention is called to the possibility of paper-in¬ 
sulated cables breaking down under high-voltage tests 
but followed by immediate rehealing of the puncture. 
This rehealing is usually temporary but may persist 
long enough to deceive in a test of stated duration. 
It is therefore essential that these ''spits'"' be recognized 
and the test repeated until they have been eliminated. 

The practise of testing faulty cables for fault loca¬ 
tions has undergone no material change, the devices 
used being divided into two principal classes, one 
depending upon the principle of bridging, the other 
upon the exploring coil with signaling current. 

Various mechanical tests are made on cables and 
cable dielectrics with which most engineers are familiar. 
One of particular interest is the so-called bending test 
on paper-insulated power cables. This test is carried 
out for the purpose of determining the likelihood of a 
cable being injured by handling during manufacture 
or installation. 

Protection of Cable Systems. The increasing fre¬ 
quency of trouble on low-voltage (less than 550-volt) 
systems and the consequent danger of communication 
to other circuits has necessitated a great deal of atten¬ 
tion being given to the problem of segregating the cir¬ 
cuit on which the trouble originates. 

On account of the probable resistance of the fault 
being sufficiently high to limit the flow of current, at 
this low voltage, to a value possibly not more than the 
normal load, it is impossible to get the desired protec¬ 
tion by the use of fuses. For this reason some com¬ 
panies have omitted the fuse, while one company fearing 
an extended burn-out of this class of cables has pro¬ 
vided each feeder conductor with a remote-controlled 
circuit breaker at the service end of the feeder designed 
to open when the'feeder is in trouble. 

These circuit breakers do not open from overload 
but have a trip coil that is connected to a pressure 
wire in such a way that, if the pressure wire comes 
in contact with either the lead sheath or the main 
conductor, the coil will become energized and open the 
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circuit breaker. There is also provision at the station 
whereby the operator can, by closing a sTrrall switch, 
put current on the pressure wire to trip the switch. 

With higher-voltage distribution cables, around 3000 
volts for example, there is no difficulty in providing fuses 
that will carry normal load and blow under short 
circuit; but in this class of service the problem is to 
provide a fuse which will successfully open the circuit. 
For this reason a number of engineers recommend 
against the use of fuses on underground systems of 
this voltage. 

When we consider still higher voltages of the order 
of those used for transmission, no attempt is made to 
use fuses underground. However, the majority of 
underground troubles originate on this class of cables 
and it is extremely important that every precaution 
be taken to prevent trouble starting in one of these 
cables from communicating to others. For accomplish¬ 
ing this, ducts should be separated by an adequate wall 
of fire resisting material, such as is obtained by laying 
fiber tubes in concrete so that the ducts will be separated 
by a continuous wall of concrete about one inch thick, 
except near the manholes where the separation should 
be increased to give a maximum separation at the end 
of the ducts. This extra separation at the edge of the 
manholes is advisable on account of the danger of 
communication of trouble from one cable to another 
at this point where the protection to the cable is apt 
to be least. The importance of protecting cables in 
manholes will be evident when it is considered that 
more than one-third of the failures in the higher-volt¬ 
age cables occur in splices alone and a large percentage 
of the remaining failures also occur in the manholes. 

Concrete continues to be the most popular form of 
protection in the manholes. It is not only a good 
protector against fire but it is also a better conductor 
of heat than other forms of protection. Owing to the 
effect of heat in decreasing the resistance of the insu¬ 
lation of high-voltage cables, it is extremely important, 
especially with cables constructed a few years ago, to 
avoid excessive temperatures in the duct line. This 
applies not only to heat dissipated by the cables 
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themselves, but also to that produced by other sources, 
such as steam pipes and exhaust steam. There have 
been many instances during the last few years of 
serious troubles due to high temperatures produced by 
steam. Where it has been a case of exhaust steam or a 
local steam pipe it has been comparatively easy to 
overcome the trouble by changes in either the duct 
line or the point of exhaust, but where the heat has 
been experienced at many points due to an extensive 
steam heating system, changes that would be necessary 
to remedy the trouble have been too expensive to under¬ 
take. 

Eeview op Papers Submitted During the Year 

Insulators. In the Trans., 1920, Vol. II, p 1179, W. D. A. 
Peaslee contributed an article on High-Tension Insulator Por¬ 
celain, 

This paper reviews the progress made in the ceramic field 
in the solution of the insulator problem. Proeelain used in 
the manufacture of high-tension insulators must meet certain 
requirements as to mechanica;! strength, ability to resist sudden 
changes in temperature, porosity, homogeneity, and tempera¬ 
ture coefficient of resistivity. The author gives a brief dis¬ 
cussion on each of these requirements and the progress that 
has been made in the development of a suitable porcelain. A 
brief discussion is also given regarding the possibility of the 
deterioration of seemingly perfect porcelain being intimately 
connected with the Piezo electric qualities of quartz crystals. 

In the A.I.E.E. Trans., 1920, Vol. II, p. 1645 the same author 
discusses Factors Controlling the Design and Selection of Sus¬ 
pension Insulators. 

Attention is called to the factors entering into the design 
and operating behavior of suspension insulators and the problems 
to be solved in designing a suspension insulator to overcome 
the objectionable features shown by experience to affect seri¬ 
ously the operation of- the insulators in service. Factors to 
be taken into consideration in the selection of suspension in¬ 
sulators for a given condition are given and a brief discussion 
of the general trend of future developments is presented. 

F. W. Peek, Jr., presented an article in A.I.E.E. Trans., 1920 
Vol. II, p. 1685 reviewing the duties of the Hne insulator at voltages 
above 100 kv. and comparing them with the duties imposed by the 
lower voltages in order to predict the reliability of future Mgh- 
voltap lines as compared with those at present in operation and 
pointing out what changes, if any, are necessary in present 
practise. While unimportant at the lower voltages, the uneven 
division of voltage on the different units of a suspension insulator 
becomes of mcreasing importance as the voltage is increased. 
Quite complete data are given on the phase of the investigation 
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dealing with voltage distribution and the successful correction 
of the uneven voltage distribution by means of an antenna 
shield from the line. The author believes that with the very 
high voltages at present being considered, insulator troubles will 
probably be less frequent than with present voltages. 

Operating Performance of Insulators on a 4^,000-Volt System 
by H. B. Vincent in included in the January, 1921, Jouenal. 

This paper presents a method for the recording of insulator 
performance and shows how such a record enables one to know 
what service the insulators are giving and what one may expect 
provided the records have been kept over a sufficient period 
of time. The data presented refers entirely to pin type insu¬ 
lators and has been gathered from actual records kept by a 
power company. There is included an analysis of the data 
obtained from this company’s report showing the performance 
of insulators on the various lines from 1914 to 1919 inclusive. 

H. J. Ryan and H. H. Henline contributed an article appear¬ 
ing in the A.I.E.E. Trans., 1920, Vol. II, p. 1669 dealing with the 

quantitative relations which exist between the maximum and aver¬ 
age voltage unit-duties in line suspension insulators made up of 
units in common use. The results obtained from a number o 
tests conducted by the authors to determine these relations on in¬ 
sulators of single and double strings with and without static 
shields are discussed in detail. From their investigations t e 
authors believe that suspension insulator unit in common use 
can be satisfactorily employed for the makeup of insulators 

for 250-kv. lines. • -u m tv/t 

Surface Leakage as a Factor in Insulator Design by i. m. 
Feder is discussed in the September, 1920, Journal. The 
author calls attention to the various factors influencing sur¬ 
face resistance and the ditoent methods by which this resis¬ 
tance may be increased. It is shown that the most economical 
way of decreasing the leakage is the addition of properly pro¬ 
portioned corrugations on the underside of the flange or s 
Typical oomputations are given, showing the approximate 
increase in resistance to he expected when corrugations are 


Overhead Transmission and Distribution. The 150,000-Volt 
Transmission Line of the Knoxville Power Company is described 
by Theodore Varney in the June, 1920, Journal The author 
discusses problems encountered in the design and constraetion 
of this line and the solution of these Pro'blems a,re desenhed. 

The conductor is of aluminum reinforced with steel and t 
longest span is 5010 feet long, which the author states is ^e 
longest single-conductor span in the world at the present tme. 
A detailed description of both the standard and long-span con¬ 
ductors is given together with a sugary of 
by the specifications drawn for the purchase of the standard 
siisDension and aucbor insulator units. +• 

tS a.I.E.B. Trans., 1920, Vol. II. p. 1669 includes an article 

prepared by D. M. Jones on Power Factor Correction on Dxsinhu- 


Hon Systems, 
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Aftei a review of the causes and disadvantages of low power 
factor, the vniter discusses various methods of eliminating 
this condition. The methods provide for the use of the unity 
power factor synchronous motor, the phase modifier, the over¬ 
excited synchronous motor, the synchronous condenser, and 
e static condenser. The advantages, disadvantages and com¬ 
parative costs of each type of apparatus are discussed. 

- Howard P. Seelye prepared an article 

if; c 7" P- Economic 

otuay of oecondary Distribution. 

r f paper analyzes and evaluates the factors in the design 
ot th6_ secondary system which lend themselves to such definite 
analysis and presents the results as aids in the determination 
f the rnost economical design for a system. The derivation 
nd apphoation of equations and curves used for the determi¬ 
nation of the most economical voltage drop, transformer spac¬ 
ing, transformer size and wire size under theoretical conditions 
are presented and discussed. Curves for practical conditions 
are then worked out for use of the designing engineer. 

in tt! r T' prepared an article which appeared 

n the September 1920, issue of the Joubnal on The Current 
Carrying Capacity of Lead Covered Cables. 

After discussing the temperature rise in cables and their 
rrlT describes a method of determining 

neLiZ 1 ?'!^ upon their tem: 

elnS nTt ? thereby the current-carrying 

orSLi 1 «^l°ulated on the basis 

^ hmtations. Carrying capacity as limited by volt- 
ge ^op or economical considerations is not considered The 

- 

thfuse^’Xkfd riumerieal examples illustrating 

he use of the data and in addition a chart by which it is possible 

Lf conditions, the car^S 

i.Med il "■* •»l>l.s 

“■ 

This paper discusses methods of calculating stresses in tri 

oia-ibed 

limits worked out in this arHp?A i 

tie .f tt. 
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30,000 volts, type H cable up to 50,000 volts, and three single- 
conductor cables having conductors made with a hollow fiber 
core for 50,000 volts and above. 

At the mid-winter convention in February, 1921, James A. 
Cook presented a paper (See p. 439) dealing with Measurement 
of Relative Eddy Current Losses in Stranded Cables describing a 
method which will insure accurate measurements of eddy current 
losses in stranded copper cables on a comparative basis. Re¬ 
sults of tests are shown both for the measurements and the 
reduction of eddy current losses. 

Convention Papers 

The following papers have been submitted and accepted for 
presentation at the Annual Convention at Salt Lake City: 

Long Distance Transmission of Electric Energy by L. B. Imlay. 
(See page 975.) 

Voltage Regulation and Insulation for Large Power, Long- 
Distance Transmission Systems, by Prank G. Baum. (See page 
101 ?:) 

Voltage and Power Factor Control of 66,000- Volt Transmission 
Lines Connecting Two Generating Stations, by Raymond Bailey. 
(See page 995.) 

A Solution of the Porcelain Insulator Problem, by E. E, P. 
Creighton and F. L. Hunt. (See page 1173.) 

MOder 71 Production of Suspension Insulators, by Edwin H. 
Fritz and George I. Gilchrest. (See page 1127.) 

Voltage and Current IIarmo7iics Caused by Corona, by b. W. 
Peek, Jr., (See page 1155.) 

Transformers For Inlerconiiecting High-Voltage Transmission 
SysleTTis or For Feeding Synchronous Condensers from A Ter¬ 
tiary Winding, by J. P. Peters and M. E. Skinner. (See page 

1181.) . ^ . 

Some Transmission Line Tests, by W. W. Lewis. (See page 

1079.) 

The Operation of Large Liter connected Systems, by L. L. Elden. 
(See pgg’e 1121.) 

E. B. Meyer, Chairman. 
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ANNUAL REPORT OF LIGHTING AND 
ILLUMINATION COMMITTEE 

To the Board of Directors: 

The Lighting and Illumination Committee considers 
that along with the other Technical Committees, it 
can render a special service , to the Institute, by securing 
papers which relate to subjects within the scope of the 
Committee and which will be of particular interest 
to the members of the Institute. The three excellent 
papers on street lighting distribution presented before 
the Chicago meeting last year illustrate this point. 
Following out this general thought, the Committee 
held a meeting early in the year for the purpose of 
considering what activities could be undertaken during 
the current year. 

The results of this meeting of the Committee may 
be summarized as follows: 

1. ^ That it would be of value to members of the 
Institute for the Committee to start the accumulation 
of data relating to productive intensities in industrial 
plants, that is, to the question of intensities of illumi¬ 
nation in the industries best suited to effective pro¬ 
duction. This data could well cover the question 
from the standpoints of the relations of illumination 
to factory production, to accidents and to reduced 
spoilage. The Committee felt that it might not be 
practical to attempt to secure papers on this subject 
this year because of the incomplete nature of studies 
which have been and are being made along this line, 
but it is hoped that in the near future papers may be 
secured on several particular aspects of the problem 
such^ as those relating to opthalmology, psychology, 
physiology, accident prevention, scientific management 
and production records. 

2. The Committee felt further that it may be 
possible to secure a paper at some time in the near 
future dealing with glassware for lighting auxiliaries, 
such as that used with street and commercial Tamps. 

A paper on this subject did not materialize during the 
current year but the Committee feels that a general 
summary of the glassware situation would be of 
considerable practical value. 
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Although neither of the foregoing plans of the 
Committee has taken definite form during the year, it 
is believed that the formulation of these suggestions 
has, in itself, been an item of progress and that it 
may lead ultimately to certain very valuable papers. 

In addition to an effort to gather papers, the Com¬ 
mittee feels that it may also render a service of value 
to the Institute by carrying out the intent of the resolu¬ 
tion of the Board of Directors of May 11, 1921'through 
the preparation, as part of the annual report, of a 
brief summary of progress of the art in the lighting 
and illumination field. In the present report, refer¬ 
ence is made to some of the more important features 
of the year’s progress without any effort to make it 
complete in detail. Very full notes on the detailed 
progress and developments in this field are published 
each year as a Progress Report by the Illuminating 
Engineering Society. The following notes cover some 
of the more interesting developments which have been 
noted by the Committee and by the technical press 
during the current Institute year: 

Developments in the Lighting Field 

Use of Incandescent Lamps. It is interesting to 
note at the outset that the estimated sale of incandes¬ 
cent lamps in 1915 amounted roughly to about 
110,000,000 whereas in 1920 it was estimated that 
230,000,000 were sold. These figures indicate that 
the lamp business has practically doubled in the five 
year interval from 1915 to 1920. One of the large 
lamp manufacturers estimates that of the total in 
1920 about 215,000,000 or about 92 per cent were 
tungsten filament lamps and about 16,000,000 were 
carbon filament lamps. This marked increase in the 
sale of incandescent electric lamps may be taken 
in a measure to represent fairly the growing use of 
electric lighting throughout the United States and it 
is of considerable interest to note here that the tungsten 
filament type has now almost entirely superseded the 
older carbon filament lamp. 

The popular idea that the use of arc lamps is de¬ 
creasing does not seem entirely consistent with the 
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fact that the sale of luminous arc lamps during 1920 
indicated an increase of more than 50 per cent over 
that of 1919. 

Lighting in the Industries. The past year has 
evidenced marked attention on the part of factory 
managers to the effects of good lighting upon plant 
production, to the reduction of accidents and to mini¬ 
mizing spoilage. In one large industry an extended 
study was made to determine whether materially 
higher intensities of illumination than were formerly 
used, are warranted on the basis of improved produc¬ 
tion. These tests have not demonstrated fully just 
where practical intensity limits should be set for given 
classes of work nor what relations exist between good 
lighting and production, but the opinion is quite 
prevalent that higher intensities promote better 
workmanship and hence present practise tends towards 
the design of lighting systems with more liberal in¬ 
tensity levels than formerly. 

The relation of poor lighting to accidents has re¬ 
ceived careful attention. It has been stated that during 
the 19 months the United States was in the last war, 
56,000 American soldiers were killed in Europe, whereas 
during the same period 236,000 men, women and 
children were accidentally killed in this country. 
Of the enormous number of industrial accidents it 
has been fairly well established that possibly from 
fifteen to twenty per cent may be chargeable either 
directly or indirectly to poor lighting. This conclusion 
has been an item of importance in the work of regulating 
factory lighting by the State Departments. 

The effect of light colored walls and ceilings on the 
illumination resulting from lighting systems is well 
known to lighting men but not always appreciated as 
fully as it should be by plant operators. One of the 
most helpful efforts looking to a better understanding 
of wall and ceiling colors and their effects on the 
resulting illumination, has been Bulletin Number 41 
issued by the National Lamp Works of the General 
Electric Company and prepared by Mr. Earl A. Ander¬ 
son. This excellent bulletin contains sample colors 
with the corresponding reflection factors and the 
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method of working these reflection factors into the 
design of a lighting system is clearly indicated. 

Lighting^ Demonstrations. One of the results of the 
increased interest in high intensities has been the ef¬ 
forts of the lamp manufacturers to educate the in¬ 
dustries up to the apparent advantages of better il- 
lurnination by using the so called demonstration method 
of illustrating modern practise and its effectiveness. 
More or less permanent demonstrations have been 
installed in ten of the larger cities of the country and 
several others are in various stages of construction. 
This activity has been fostered by the National Elec¬ 
tric Light Association, with the cooperation of local 
institutions. Similar travelling demonstrations have 
been conducted by the lamp manufacturers in about one 
hundred and twelve other cities. 

The Pennsylvania Department of Labor and In¬ 
dustry took advantage of the portable demonstrations 
presented in that state, to educate manufacturers and 
others in the application of the Industrial Lighting 
Code. 

The demonstrations have also been utilized for the 
benefit of engineering students; for example, the 
Edison Lamp Works of General Electric Company 
recently conducted demonstrations at the University 
of Pennsyvlania and at Yale University. These 
demonstrations have doubtless been generally very 
successful in making an impression concerning the 
advantages of adequate illumination. 

Miscellaneous Items. It has been stated that the 
foot-candle meter is now being used much more than 
formerly for the measurement of illumination by the 
layman through inexpensive means. Several thou¬ 
sands of these instruments have been sold during the 
past year or so, and the demand for them by the in¬ 
dustries, factory inspectors and others, continues to 
the extent of several hundred per month. An interest¬ 
ing modification of the earlier instrument has been 
an increase in its range from an upper limit of 25 foot- 
candles to one of 40 foot-candles so as to make possible 
the measurement of higher intensities than formerly. 

Highway lighting has received considerable atten- 
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tion and a double reflector unit has been developed so 
as to reduce the waste of light on either side of the 
roadway. Among the important installations of street 
lighting which have been completed and put into 
operation during the past year or so have been those 
at Los Angeles, Cal., and Saratoga, N. Y. 

It is significant and of special interest to central 
station operators to know that® during 1920 nearly 
80 per cent of all incandescent electric lamps sold 
were used on circuits of 110, 115 or 120 volts, whereas 
in 1913, by contrast, less than 50 per cent of the in¬ 
candescent lamps sold were used on circuits of these 
voltages. 


C. E. Clbwell, Chairman. 
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ANNUAL REPORT OF MARINE COMMITTEE 

To the Board of Directors: 

In presenting the Annual Report of the Marine 
Committee only the outstanding features of the Com¬ 
mittee’s work will be dealt with, the vast amount of 
detail work involved should not be lost sight of how¬ 
ever as it was only through the untiring efforts of the 
various sub-committees that such splendid progress 
was made. 

On referring to the report of the Marine Committee 
for the season of 1919-1920, the following items are 
noted; these items represent subjects to be carried 
over to the following year or new departures recom¬ 
mended for consideration: 

1. Rules for the Recommended Practise for In¬ 
stallations on Ship Board. 

2. Work of Historical Committee. 

3. Fixtures, Fittings, etc. to meet requirements 
of new rules. 

4. Terminal Facilities at Marine Piers. 

Eight meetings of the Committee were held. The 
first meeting convened on September 30th and October 
1st, 1920 at Schenectady, New York and was very 
well attended. The following subcommittees were 
appointed: 

a. American Standards. 

b. Applicances. 

c. Editing. 

d. Propulsion. 

e. Auxiliaries. 

The Historical Committee was carried over from the 
previous year. 

The year’s work of the above subcommittees may 
be summarized as follows: 

The duty of the American Standards subcommittee 
consists of the taking up with the American Engineering 
Standards Conjmittee, the question of having the 
Recommended Practise for Electrical Installations on 
Ship Board passed by that Committee as a standard 
for American Practise. This could not be accomplished 
however, until these rules and recommendations were 
placed in printed form and circulated. 
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The duties of the Appliance subcommittee were to 
formulate a set of Standards covering electrical ap¬ 
pliances which would later be incorporated in the 
Recommended Practise for Electrical Installation on 
Ship Board. The following is a partial list of ap¬ 
pliances intended to be covered by this work: 

Conduits and h'lttings. 

Junction Boxes. 

Deck and Bulkhead Stuffing Tubes. 

Receptacles, Watertight and Non-Watertight. 

Electric Heating Appliances. 

Running Tell Tale Panel. 

Gaskets and other Watertight Packing Materials. 

Pull Boxes. 

Puses. 

Plugs, Watertight and Non-Watertight. 

Switches, Watertight and Non-Watertight. 

Pans. 

Telephones. 

Bells, Buzzers and other Electrical Signaling Devices. 

The Editing subcommittee this year completed 
the final editing of the Recommended Practise for 
Electrical Installations on Ship Board and has been 
retained to handle all comments and proposed changes 
in regard to these rules which, from time to time, may 
arise. These changes to be submitted to the main 
Committee periodically for its action, and if adopted 
to be made a permanent part of these rules. 

The following is given as a resume of the year's 
work of the Propulsion subcommittee: 

It was first decided that Electric Ship Propulsion 
had not as yet reached a stage of development and 
continued use that would justify an attempt to draw 
up a set of Marine Rules or Recommendations for 
Propulsion Machinery to the same extent as had al¬ 
ready been done for other electrical work. With this 
in view, ^ the work of the Propulsion subcommittee 
resolved itself into the following: 

a. Preparation of papers for an engineering meeting 
in New York. 

b . The drawing up of a set of Rules or Recommenda¬ 
tions for the proper preservation and protection of 
electric propelling apparatus during the time of in¬ 
stallation and after being placed in service, 
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c. The preparation of a history of electric ship 
propulsion for use of the Historical subcommittee. 

In connection with the preparation of papers for 
an engineering meeting in New York as mentioned 
above, the following statement may be made: 

A joint meeting of the Metropolitan Section of the 
American Society of Mechanical Engineering and the 
Marine Committee of the American Institute of 
Electrical Engineers was held at the Engineering 
Societies Building, New York, on Januaiy 28, 1921. 
The following papers by members of the Propulsion 
subcommittee were presented: 

Turbine Reduction Gears vs. Electric Propulsion for 
Ships, by Eskil Berg, of the General Electric Company. 

Electric Propulsion of Ships, by W. Thau, of the 
Westinghouse Electric & Manufacturing Company. 

Electrical Terminal Facilities, by C. S. McDowell. 

The meeting was very largely atte.nded and the 
papers read contained much useful information. 

Recommendations were made by the Propulsion 
subcommittee for the preservation and protection of 
propelling machinery during the time of installation 
and after the apparatus had been placed in service. 
These recommendations have been completed and 
preliminarily passed by the Committee but will be 
carried over until next year before final reading and 
publication. The historical side of the work of the 
Propulsion subcommittee received quite considerable 
attention by that Committee. An extensive list of 
references of articles which have appeared in publica¬ 
tions from the earliest days of electrical installation 
until about the year of 1911 have been prepared and 
turned over to the Historical subcommittee. 

It was the intention that the work of the subcom¬ 
mittee on Auxiliaries should go along with that of the 
subcommittee on Electric Propelling Machinery for 
Engine Room Auxiliaries only. The Deck Machinery 
and Terminal Handling Apparatus was to be handled 
exclusively by this Committee. It is contemplated 
making the Recommendations of this subcommittee, 
with regard to the above subjects, part of the Recom¬ 
mended Practise for Electric Installations on Ship 
Board. 
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A considerable amount of effort has been expended 
by the Historical subcommittee upon its work during 
the past year, but owing to the extent of the task and 
the vast amount of time required for other activities 
of the Committee, it was found impracticable to com¬ 
pile its data complete and in detail for publication at 
this time. It was the original intention of this sub¬ 
committee to complete its work up until the year of 
1910 but it was later decided to bring the work as far 
up to date as possible and then have it supplemented 
from time to time as developments in the field justi¬ 
fied. It will no doubt be possible to turn into the 
Institute, sometime during the coming year, the work 
which has already been done by this subcommittee. 

From the above it will be noted that the Committee 
has taken upon itself a great volume of work which cannot 
be accomplished in one year and probably will extend 
over a period of several years but considerable work has 
already been done by this year's Committee as follows: 

The final revision and passing of the Recommended 
Practise for Electrical Installation on Ship Board has 
been completed and published by the Institute. The 
writing of papers and reading of the same at the 
joint meeting of the Metropolitan Section of the 
American Society of Mechanical Engineer and the 
Marine Committee of the American Institute of Elec¬ 
trical Engineers in New York. The drawing up of 
recommended practise for the protection and preser¬ 
vation of propelling machinery, also the vast amount of 
data on the historical side of electric ship propulsion 
and electrical installations on ship board. A joint 
meeting has been arranged with the Naval Architects 
and the Marine Engineers in New York in November 
at which time two papers will be presented, one on 
electric propulsion and the other on electric ship 
auxiliaries. 

In^ concluding this report, I feel that I would be 
evading my duty as Chairman of the Committee if I 
did not congratulate every member of the Marine 
Committee for his interest, attendance at meetings and 
general attitude with regard to all subjects that have 
come up for discussion at the various meetings through¬ 
out the year. The Committee as a whole has worked 
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conscientiously and consistently and I believe deserves 
great credit for the amount of work that it has ac¬ 
complished. 

It is this thought in particular that I would leave 
with the Marine Committee for the ensuing year, that 
good work can only be accomplished through good will, 
consistent application and real cooperation. 

Arthur Parker, Chairman. 
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ANNUAL REPORT OF ELECTROPHYSICS 
COMMITTEE 

To the Board of Directors: 

Advances in Electrophysics 1920-1921 

Progress in physics is, as a rule, gradual and it is 
generally difficult to look back over a space of one year 
and definitely state what will prove to be the most 
important advances of that period. 

The members of this Committee were canvassed 
regarding the advances during 1920 and 1921, and it 
was the general opinion that the most striking and what 
will prove to be the most far reaching work is that of 
Rutherford on' the atomic nucleus. Rutherford has 
bombarded the atoms of some of the lighter elements 
with ^ alpha particles and has apparently succeeded 
in disintegrating them. Nitrogen was one of the 
elements thus disintegrated. Hydrogen was appar¬ 
ently found in some of the disintegrated atoms. 

Work and speculation on the arrangement of the 
electrons in atoms and molecules seems to be leading 
to something, and it is hoped that the results will be 
of great importance. 

Among other important work, that on isotopes might 
be mentioned. The above list is by no means complete 
but it touches on some of the work that at present 
stands out. 

Lectures and Papers 

It is regretted by this Committee that the electro¬ 
physics lecture was not given a place in the Midwinter 
Convention this year. This lecture in the past has 
been better attended than any other meeting. The 
following list of activities of the Institute in different 
parts of the country during the year is given as indica¬ 
tion that electrophysics subjects are appreciated by 
our membership: 

Philadelphia, October, 1920, The Epoch Making 
Discoveries of the Years 1819-1820, by Elihu Thompson. 
Oersted s and Ampere^s Discoveries^ by M. I. Pupin 

Pacific Coast Convention, July, 1920,' Centennary 
of the Discoveries of Oersted, Arago and Ampere, by 
C, E. Magnusson, • 
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New York, February, 1921, Wave Transmission, 
by M. I. Pupin. 

The Electrophysics Committee during the past 
year has encouraged electrophysics lectures in the 
Sections. In this connection we were fortunate in 
assisting the Pittsfield and Schenectady Sections in 
securing Dr. R. A. Millikin to lecture on the Twentieth 
Century's Contribution to our Knowledge of the Atom, 
These lectures were very well attended and the dis¬ 
cussions indicated a keen interest in the subject by the 
members. 

The following technical electrophysics papers are 
to be presented at the Annual Convocation: 

Electric Strength of Air under Continuous Potentials 
and as Influenced by Temperature by J. B. Whitehead 
and F. W. Lee. 

Voltage and Current Harmonics Caused by Corona, 
by F. W. Peek, Jr. 

F. W. Peek, Jr., Chairman. 



Presented at the 37th Annual a7td loih 
Pacific Coast Conve?iiion of the American 
Institute of Plectrical Engineers, Salt 
Lake City, June 21, 1921. 


Copyright 1921. By A. I. E. E. 


HYDROELECTRIC DEVELOPMENT AT 
NIAGARA FALLS 


BY JOHN L. HARPER AND J. A. JOHNSON 

Both of The Niagara Falls Power Company 


T he purpose of this paper is to trace briefly 
the progress in the art of power development 
at Niagara Falls from its beginning to the present 
time, to describe more particularly the recent develop¬ 
ments and those about to be undertaken under the 
recent license granted to The Niagara Falls Power 
Company by the Federal Power Commission, and to 
indicate the present and probable future functioning 
of Niagara power in the industrial development of 
the country. 

The physical conditions existing at Niagara Falls 
are not duplicated elsewhere in the world. The im¬ 
mense drainage basin of the Great Lakes contributes 
an almost uniform outflow of water of such magnitude 
that the question of adequate supply is not one which 
need be considered for many years to come. This 
continuous flow of over 200,000 cu. ft. per second, finds 
its outlet through the Niagara River which falls through 
a total height of 336 ft. between the Lakes Erie and 
Ontario. Of this 336 ft., 165 ft. is concentrated in the 
cataract itself and another 55 ft. is in the rapids im¬ 
mediately above, so that within a distance of one mile 
there is available a total head of 220 ft.; or, combining 
the 94 ft. of drop in the lower Rapids with that above, 
there exists a head of 314 ft. which niay be developed 
within about five miles, distances being measured on 
the American side of the river. This flow of water 
and the natural head available provide a source of 
power of over 6,000,000 h. p. which, under ordinary 
conditions, one might expect would be used to the full 
for industrial purposes. 
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One factor alone has prevented the perfect working 
of economic law in this respect, and that factor is the 
value of- the cataract and rapids from the scenic stand¬ 
point. That this value is a real one, no thoughtful 
person will deny. “Man cannot live by bread alone,” 
and who can doubt that God who, in His infinite wis¬ 
dom, gave us Niagara, intended it to minister to the 
spirit as well as to the body of mankind. 

This division of Niagara’s ministration between the 
material and the spiritual, has always existed since 
Nia^ra became known to civilized man, but it is just 
beginning to be recognized that the division must 
ultimately be made at that point where the sum total 
of hurnan benefit shall be a maximum. And when that 
point is finally determined, the portion of the energy 
which is^ found not necessary to maintain the spiritual 
values will undoubtedly be made available for industrial 


purposes. 

As early as 1725, nearly 200 years ago, a primitive 
sawmill made first use of Niagara power, and 100 
years ago small waterwheels were used in mills located 
along the upper rapids on the shore and small islands 
of the American channel; but these early developments 
have long since disappeared and very little evidence 
remains to show that they once existed. A short 
piece of the original headrace is now converted into a 
■ scenic pool just upstream from the Goat Island bridge. 
The size and nature of these mills is” indicated by 
the accompanying illustration (Fig. 1). 

The beginning of the existing power developments 
may be placed as far back as 1852, when the construc¬ 
tion of a hydraulic canal was begun, extending from a 
point at the head of the rapids above the falls, now 
Imown as Port Day, to the edge of the gorge a mile 
below. In spite of the fact that the land for the right 
of way had been donated by the Porter family who then 
owned most of the land bordering the Falls, lack of 
funds caused a suspension of the work in less than two 
y^s. However, it was resumed in 1859, and by 1861 
there w^ completed a canal from 20 feet to 36 feet 
mde and about 8 feet deep, extending from Port Day 
to the present canal basin at the edge of the gorge 
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in the same location as the present Hydraulic Canal 
of The Niagara Falls Power Company. 

Owing to the industrial depression caused by the 
Civil War no use was made of this early canal for years 
although a small stream poured over the cliff unused. 

In 1872, however, an installation of 150 h. p. under 
25-ft. head was made for driving a grist mill. In 1877 
the canal property was purchased by Jacob F. Schoell- 
kopf and others who organized, in 1878, the Niagara 
Falls Hydraulic Power and Manufacturing Company. 
Soon afterwards the Schoellkopf-Mathews flour mill 



Fig. —View peom Goat Island 


Looking toward the American shore before the establishment of the 
Niagara Keservation, July 15, 1885, showing paper mill on Bath, now 
Green Island 


was constructed and equipped with 900 h. p. under 
50-ft. head. Four years later the head on the mill was 
increased to 86 ft. which at that time was the highest 
head used at Niagara. Quite recently some sections 
of the iron flumes, 9 ft. in diameter, which were the 
first iron penstocks used at Niagara Falls, have been 
removed to make room for the works in the latest 
development. 

From this time on the Hydraulic Canal was used for 
supplying water power for manufacturing in important 
mills. The general method of development was to 
sink shafts or pits under the mills at the edge of the 
cliff, taking the water from the canal through flumes 
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and. penstocks to turbines at the bottom of the pits 
and allowing it to discharge from short tailrace tunnels 
part way down the face of the cliff. The waterwheels 
were directly connected to vertical shafts which drove 
the machinery in the mill above. 

In the year 1880 the first hydroelectric unit was 
installed at Niagara Palls, in Prospect Park. This 
unit, comprising a waterwheel and a d-c. brush dynamo, 
was used for illuminating fountains in the park by 
means of two arc lights. Excursions were run from 



Fig. 2 Earliest and Latest Commercial Generators 
TO Operate by Niagara Power 


various parts of the country to see the new wonder. 
This unit has little more than historical interest and 
diligent search has failed to reveal any photograph of 
the installation or any technical data concerning it. 

The second hydroelectric development and first 
commercial installation was made in the year 1885 in 
the Pettebone Mill on Bath Island. The generator 
of this unit, which was used for lighting the mill is 
shown m the insert in Fig. 2. It was a d-c. machine, 
having a capacity of 16 amperes at 110 volts. It is 
interesting to note that the capacity of the latest 
generator operating at Niagara Falls is about 16,000 
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times as great as this one. The contrast is shown in 
the illustration. 

As soon as these early installations had demon¬ 
strated the possibilities of electrical power, the real 
hydroelectric development began, and in the year 
1891 The Niagara Falls Hydraulic Power and Manu¬ 
facturing Company began the construction of its 
Station No. 1, in which dynamos were installed, 
operated by rope drives from waterwheels and having 
a total output of 2000 h. p. which was used for supply¬ 
ing electrical power for commercial purposes. This 
station was abandoned in the year 1904. 



In 1886, or about the time the second hydroelectric 
development referred to above was begun. The Niagara 
Falls Power Company was organized with the intention 
of developing hydraulic power only, the power to be 
delivered from the waterwheels direct to the shafting 
in the mills to be located along a head-race about a 
mile above the falls, and the tailwater to be collected 
in a low level tunnel draining into the lower gorge. 
Negotiations for the construction of the works were 
not completed until 1889, at which time it became clear 
that concurrently with the development of hydraulic 
power, the company could proceed with the develop- 









































1921] JJYDROBLECTRIC DEVELOPMENT 


completed its American plant, marked B on Fig. 5 
The Hydraulic Power and Manufacturing ComLy 

complSTts 

addition ot}i#>r ^ respectively; and in 

StSiorN? namely 

tion No. 3 of the Hydraulic Power Company 

5de mlrked F f" ««the Canadian 

^ ^ ^ belonging respectively to the 

Sre?rL Company, the Ontario 

^ TW« Toronto Power Company. 

Ho?Kf been described so often that no 

ey are quite familiar to all engineers and it 



Fig. 5 


will be unnecessary to refer to them in detail. It will 
be noted, however, that three different types of water¬ 
ways were employed. A, C and D utilizing a surface 
canal, B, E and G wheel pits and tailrace tunnels, 
and F pressure pipe lines and open tailraces. The 
type of waterway determined to some extent the 
type of machinery; plants A, C, D and F being able 
to use horizontal shaft units with journal type bearings, 
and plants B, E and G being forced to adopt long vertical 
shafts with the then less desirable thrust bearings for 
supporting the weight of the revolving machinery. 

In the year 1906 the Governments of the United 
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States and Canada became alarmed at the rajnd 
improvements in the art of power plant building by 
which the Falls of Niagara were being made to serve 
the needs of man and the consequent diversion of 
water from the cataract, and after due deliberation 
the Burton Bill and the International Waterways 
Treaty made it unlawful to divert more than a specified 
quantity of water for power purposes, namely 20,000 
cu. ft. per sec. on the American side and 36,000 cu. 
ft. per sec. on the Canadian side. In this negative 
way it was hoped to save the great spectacle from 
destruction. 
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These laws cast a blight upon the development of 
the art at Niagara Falls and the period from 1006 
to 1916 might properly be called the “Decade of Stag¬ 
nation.” It is quite true that additional units were 
installed in the existing plants during this inteival, 
but with no future to look forward to there was little 
incentive to improvement, and little attempt was made 
to keep pace with the advances being made in other 
parts of the world. The plants were completed for 
the most part in very much the same manner as they 
were begun in 1905. 
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As an indication of the foreffoino- TTio- « i, 
qtnf-L ^ ^ of the United 

u“rfl“ ufta *;,*«*r 

unm nnally m 1918 Niagara Falls was restored in 

'Sftv tat c 

aiSTlk ‘T “ tegard to Ni- 

ofttoMht two diverging linos 

thought, one claiming that diversion for nower 

pn^oses would rain the scenic grandeur of the falls 
and therefore should be stopped entirely, the other 



Pig. 7 

representing those interested in the work at the falls, 
who insistently pointed out the folly of attempting to 
save the falls from destruction by allowing them to 
destroy themselves. As year after year went by it 
was apparent that 6 to 8 ft. of yearly erosion at the 
apex of the Horseshoe, amounting to at least 60 ft. 
in ten years, was doing more to draw the water from the 
sides of the Horseshoe and destroy its beauty than all 
the power plants put together. Once this fact was 
realized the remedy became self-evident. It is now 
recognized that by far the greater part of the water 
in the river hot only contributes nothing toward the 











890 


HARPER AND JOHNSON 


[June 21 


scenic grandeur but rather tends to detract from it 
by sending up clouds of spray to obscure the other¬ 
wise beautiful sight; and not only that, but is actually 
destroying the scene by erosion. Instead of arbi¬ 
trarily restricting the amount of water which may be 
diverted for power purposes, the sensible thing to do 
is to adopt some measures that will spread evenly 
over the crests of the falls so much of the water as is 
required for scenic beauty and to divert all the rest 
for power purposes, thereby conserving for all time 
and to the greatest extent both the spiritual and the 
commercial values. This division of the flow for scenic 
and power purposes as recommended by Government 
engineers is shown in Fig. 7. 

During the war emergency and at the suggestion 
of the representatives of the War Department, the 
Niagara Falls Power Company, Hydraulic Power 
Company of Niagara Falls and the Cliff Electrical 
Distributing Company were merged under the name of 
The Niagara Falls Power Company, but under the 
control and management of the owners of Hydraulic 
Power Comapny, the merged interests owning all the 
developments on the American side and controlling 
the Canadian Niagara Power Company on the Cana¬ 
dian side. These plants had a total installed capacity 
of 350,000 h. p. 

Under this unity of control and direction, a plan 
was quickly evolved not only for immediately placing 
all developed power at the disposal of the Government 
agents for distribution to specified customers who 
were making the materials vital for war work, 
but also for the rush development of another 100,000 
h. p. without sacrifice of permanency of work or effi¬ 
ciency of conversion. These construction plans were 
■being rushed to completion when the signing of the 
armistice made speed less important; however, the 
whole 100,000 h. p. was put in operation within 22 
months from the time the work was authorized. 

Shortly afterward, however, the Government of 
the United States established the new Federal Power 
Commission, one of whose first acts was to give ap¬ 
proval to the plans being carried out by The Niagara 
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"exlsrj ‘e?:r “““ r“ 

it rprommA-nrin^ ’ treaty. At the same time 

It recommended an increase m the allowable diversion 
arid ‘ha constaction of remedial works to p™ 

H^ofli “d 

federal approval to the 
plans of development already begun, and authorized 
their completion. These plans include the placing 
m reserve of the present Niagara plant marked B 
on hig. 5, the construction of a new waterway from 


h'w. 



8™-Int.kiuou of Station No. 3 Generator Room 


Port Day to carry the water now being used in the 
Niagara Plant to the Canal Basin, the maintenance 
of Station No. 3, marked D on Fig. 5 with its 13 effi¬ 
cient 10,000 h. p. units operating under a mean gross 
head of 217 ft. (see Fig. 8), the extension of this station to 
the southward and the construction of new units to 
utilize the 4400 cu. ft. per sec. of water that had not 
been specifically allotted under the treaty and the 
water now being used by the Niagara plant. Plans 
were made so that subsequently the water used by 
these plants may be re-collected at the most favorable 
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point and carried by tunnel past the lower rapids to a 
power house in the lower river where the remaining 
head may be developed. 

The first step of this general plan has already been 
carried out, namely the construction of what is known 
as Station No. 3 Extension, marked H on Fig. 5, 
begun in 1918 as a war measure and finished in 1920. 
This extension contains three units, the combined 
rating of which is 100,000 h. p., and, together with 
the other plants of the company, uses all the water 
allowed by the treaty. The second step has just been 
authorized, namely the construction of a new tunnel 
and the installation of the remaining units in an addi¬ 
tion to Station No. 3 Extension, marked K on Fig.^ 5. 

The third step also has been initiated by the granting 
of a preliminary permit to The Lower Niagara River 
Power and Water Supply Company, which allows two 
years for the presentation of plans for the second or 
lower river stage of the development. The details of 
this plan have not yet been worked out and the date 
of its contruction has not been finally decided upon. 

Much has been said about the desirability of using 
the diverted water under the full head of 314 ft. from 
the upper river to Lewiston, and when the field is 
entirely without complication, as in the case of the 
development of water in excess of the^ present treaty 
allowance, a one-stage development will undoubtedly 
be advisable. The reason for the apparent rejection 
of this plan for the present diversion may be of interest. 
As a matter of fact, the scheme of development now 
being carried out does contemplate the use of the full 
314-ft. head, but instead of utilizing this head in one 
plant with a long new waterway involving the abandon¬ 
ment of the efficient plants already built, it vnll be 
utilized in two successive stages, the first stage utilizing 
' a gross head of 220 ft. and the second stage a gross 
head of 94 ft. 

Broadly speaking, the commercial power capacity of 
the two-stage development is practically the same as 
that of the single stage, such slight theoretical dif¬ 
ferences as exist being in a practical sense unimportant. 
The problem then has been to decide whether the 
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nterests of the power consumers, and indirectly of 

eventual total 

abandonment of all the plants that had already been 
built and the construction of a new plant to utilize 
m a single drop under the full 314 ft. head, the total 
quantity of water permitted to be diverted under the 
treaty, or, by conserving as much of the old work as 
could be conserved without impairing the general 
elhciency of the use of water and the construction of 
new works to supplement the old. 

It is an axiom that whether a power development 
IS constructed with private or with public funds, the 
consumer pays the cost.’ A breach of economic laws, 
therefore, must be immediately reflected in increased 



Fig. 9 


rates. A careful study was accordingly made to de¬ 
termine the most economic development, particular at¬ 
tention being paid to the vital factor of interest on the 
investment during construction and on the unutilized 
portion of the new works during the period of business 
development, items which run into millions of dollars 
owing to the long time required to build and secure a 
market for these large developments. The general 
conclusions of this study are expressed in the plans 
above outlined. 

I^ The gradual advance in the eflSiciency of the Niagara 
power developments is shown in Fig. 9. This chart 
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the water to the penstocks; second, that of the power 
available at the penstock entrances, over 91 per cent 
is delivered in the form of electrical power at the 
generator terminals; and finally, that although the 
size of future units may be increased, such increase of 
size being permissible when the system of which they 
are a part increases, there is relatively little more to be 
gained either in lessening cost or cheapened operation, 
the present 100,000-h. p. three-unit extension requiring 
but three men per shift to operate it. 

These results are so far in advance of previous 
installations and leave so little room for improvement 
that is appears justifiable to say that obsolescence of 



this plant could be brought about only by soine scientific 
advance in the art of power production of a totally 
unexpected and revolutionary character. 

The recent investigation and report on Niagara 
conditions by Col. J. G. Warren and its analysis by 
other federal engineers has supplied a long felt want 
of authentic data, and has answered with peculiarly 
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disinterested wisdom many of the hitherto perplexing 
questions in regard to comparison of plans for develop¬ 
ments, and also as to the amounts of water necessary 
for maximurn scenic grandeur and the amount that can 
be released for power purposes. This compilation of 
data and the well thought out conclusions therefrom, 
made it possible for the Federal Power Commission 
to come to a quick determination of the proper form 
of development to be adopted, which was expressed 
in its first license which was issued to The Niagara 
Falls Power Company on March 2, 1921. 

The nature of the developments made on the Ameri- 



Hydkatjlic Plant 

can side at Niagara, prior to 1918, are shown by Figs. 
10, 11 and 12. Fig. 10 is a typical cross-section of the 
Niagara Plant (formerly The Niagara Falls Power 
Company) shown at B in Fig. 5. Fig. 11 is a cross- 
section of Hydraulic Plant, Station No. 2. Fig. 12 
is a section of Hydraulic Plant, Station No. 3. 
Latest Completed Development 
The latest development known as “Hydraulic 
Plant, Station No. 3 Extension,” which is the first 
section of the work authorized by the license from the 
Federal Power Commission, is shown in similar section 
in Fig. 13. The three plants shown in Figs. 11 to 13 
are ail located in the gorge on the bank of the lower 
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river about half a mile below the falls as shown at 
C, D and H in Fig. 5. A plan view of Station No. 3 
Extension, showing its relation "to Station No. 3, is 
shown in Fig. 14. 

This development was designed to utilize the 4400 
cu. ft. per sec. of water which was still available under 
the treaty. It consists of an extension to Station 
No. 3 containing three units of 37,500 h. p., maximum 
rating. To distribute this power it was nepessary to 
construct a distributing station three miles away to 
which the power is transmitted from the generating 
plant by overhead lines. 

In order to get the water out of the river and de¬ 
livered to these units, it was necessary to make more 



adequate provision for ice protection at the intake at 
Port Day, which work is shown in plan in Fig. 15. 
These improvements comprise a channel dredged in 
the river bottom extending out into the^ river a dis¬ 
tance of approximately 3000 ft. and a new ice deflecting 
boom crossing this channel near its outer ..end. By 
this means an adequate water passage is always 
assured even though the surface for many feet deep 
may be congested with ice floes. Since the completion 
of this work no trouble with ice has been experienced. ^ 
It was also necessary to deepen the Hydraulic 
Canal throughout its whole length to a depth of 20 
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6 to 10 ft. over its former 
depth, this work was carried out under great diffi¬ 
culties due to the rapid currents through the r»ar,gl 
supplying the already existing plants. 

Connected to the Canal and its terminal basin there 
was constructed a new forebay 176 ft. long, 74 ft. 
wide by 28 ft. deep. The entrances from this forebay 
to the three penstocks are bell mouths (Fig. 16), 
28 ft. wide by 20 ft. high, and gradually taper down to 
tiue circles 15.5 ft. in diameter. The penstocks are 



Fio. M Plan “ Station No. 3 and Station No. 3 Extension 
Hydraulic Plant 


360 ft. long, cut in solid rock, and are lined with 
concretel throughout their entire length. The hori¬ 
zontal section, in addition to having a concrete lining 
is also lined with boiler plate. The general arrangement 
is clearly indicated in the sectional view, Fig. 13. 

A plate-steel gate is provided for the intake to the 
penstock. This gate is only used when it is desired 
to unwater the penstock. 

Each of the three turbine casings is connected to 
its penstock through a valve, (Fig. 17) hydraulically 
operated and electrically controlled. 

The valves are of the balanced needle type, having 
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a movable plunger sliding in an internab cylinder. 
Operation of the plunger is accomplished entirely by 
the hydraulic pressure in the penstock, no external 
force or pressure being required. The valve may be 
manually controlled locally, or electrically controlled 
from a switch station on a pedestal near the generating 
units. The rate of the valve stroke may be regulated to 
suit the conditions and may be set for any time up to 
a minimum of 30 seconds for a complete stroke in 
either direction. The valve is so designed that it 



will close automatically in case of a serious break m 

the wheel casing. , 

No provision was necessary to take care ot the 
surges in the penstock, for being hewn through solid 
rock the penstock itself provides sufficient strength 
to withstand any force that may be set up, due to 
suddenly shutting down a machine. 

In the design and building of the units four manu¬ 
facturing companies are represented. Each turbine 
is of the vertical shaft, single runner, Francis type. 
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operating under a head of 215 ft. at a speed of 150 rev. 
per min. and is rated at 37,500 h. p., although each has 
already carried more than 40,000-h. p. load. The three 



units were designed to develop an average working 
load of 100,000 h. p. Taking all frictional and other 


Fig. 16 —Bell Mouth at Penstock Enteance 



Pig. 17— Upstream End-OF'J'OENSON -VAXVE fN'SilOE of Pen¬ 
stock 

losses, from forebay to switchboard, into consideration, 
these units are securing over 91 per cent of the potential 
energy in the water used. 
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Each complete unit—generator, turbine and casing— 
weighs approximately 1000 tons and is set on a rein¬ 
forced concrete slab, ll.ft. thick, 53 ft. wide and 55 



Fig. 18—Tailsace Dischabge Openings theough Poweb 
House Foundations Showing Concrete Supporting 
PiBES 

ft. long, resting on reinforced concrete piers, (Fig. 18); 
46 tons of reinforcing steel was used in each slab. 



Fig. 19—One of the Cast Iron Turbine Cases 


The casings of two of the turbines are of cast iron 
made in six sections and are embedded in the concrete 
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fi'Ow* ■*^^pture of the power house. As can be seen 
* I II ^ig. 19 this casing is bolted together by flanges 
j .'.i ^ outside, consequently the inside is smooth, and 

for a gradual acceleration of the water 
i> _I>asses around the volute. The intake is 10 ft. 

i fliameter, and the total weight of the casing is 

f 263,000 lb. The runner is of cast iron, in one 

.j ^ having a maximum diameter of 10 ft. 6 in. and 
weight of 27,0001b. The shaft is 25 inches in 
and is provided with a lignum-vitae guide 
t draft tube is of the Moody spreading 

- i regains the whirl component as well as the 

•cJti component of the velocity of the water leaving 



jFig. 20 —Inside of Pdatb Steel Turbine Case 


* lie i:*tjinn.er. This results in higher efficiency than the 
«*Ifi by pie of curved draft tube, which does not regain 

* wliir-1. The spreading tube also eliminates surg- 
ttifjr £tnci water hammer, which so often occur with 
t'ttjrv&di ciraft tubes. These draft tubes are shown in 

»f tion in Fig. 13. A renewable ring is provided in the 
»I ri i,f t tiatie just below the runner, and the upper sec- 

* irijn of t;]he draft tube is furnished with manholes for 

* lic> insp>ection of tube and runner discharge. The 
t*»t al weight of each turbine is about 765,000 lb. 

Til® g:ovemors are located on the switchboard 
-with the gate-opening indicator and control 
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stand. The regulating valve stand is on the main 
generator floor and is provided with plunger valves of 
the Johnson type. ' By this means the operation of 
changing the unit from hand to governor control is 
easily effected, all valves operating simultaneously. 

The other turbine easing (Fig. 20) is made up of a 
number of conical steel plate sections riveted together, 
the casing being riveted to a cast-steel speed ring. 
The runner is of cast iron bolted to a cast-iron hub 
keyed to the tapered end of the shaft. A lignum- 
vitae guide bearing is mounted directly above the 
turbine. The turbine discharges into a single draft 
tube of the White hydraucone regainer type. Ref¬ 
erence to Fig. 13 will make the construction clear. 
By the use of the hydraucone or spreading draft tube 
about 80 per cent of the velocity head in the discharge 
is recovered, whereas with the old type of curved draft 
tube a large proportion of this velocity head is always 
lost. Tests show that over 91 per cent of the total 
energy in the water is delivered at the generator terminals 
and the turbines themselves have an efficiency of 
93 per cent. ' 

The fluid used in the governors is about 99 per cent 
water and 1 per cent oil, supplied from a central 
pressure system. Pressure of 115 lb. for operating 
the governors is maintained by static tanks at the 
top of the cliff. Should for any reason the fluid supply 
to the governors fail, they may be operated with 
water taken from the penstocks. 

Each of the three generators is designed for a ca¬ 
pacity of 32,600 kv-a. and generates 12,000-volt, 
three-phase, 25-cycle current when operating at 150 
rev. per min. Although designed and built by different 
companies, each machine has about the same external 
appearance, and to this end the manufacturers co¬ 
operated so that the installation presents a uniform 
appearance. (Fig. 21). 

As to the internal construction of the generators 
the engineers of the manufacturing campanies were 
left at liberty to follow their own ideas regarding 
details, the main restriction being that the electrical 
characteristics of the three machines roust be such 
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at they would operate satisfactorily in parallel, 
box frame of usual design, 21 ft. 6 in. outside diam- 
er, cast in sections, is used for the stator. Both 
ds of each phase winding are brought out so that a 
lance system of relay protection can be used. The 
ndings are connected in star and the* neutral grounded 
rough a resistance of approximately 5 ohms, obtained 
' using a water rheostat. 

The shafts are 27 inches in diameter below the rotor 
id are fitted with a 45-in. forged-on steel flange, 
r bolting to a corresponding flange of the turbine 



G. 21—Inteeioe op Station Nol 3 Extension aptee 
.AGING op Ventilating Housings Aeoune Generatoes 

aft. On the upper end of the shaft is the Kins- 
iry thrust bearing, carried on a bridge having eight 
dial arms. Each bearing is 49 inches outside di- 
neter, and carries a load of approximately 470,000 
., 100,000 lb. of which is due to the water thrust 
i the turbine runner. Directly under the thrust 
saring is the upper guide bearing, which is 26 inches 
diameter and 36 inches in length. The thrust 
saring runs in a bath of oil supplied from a central 
stem. No water cooling coils are provided in the 
xust-bearings housing, the oil being cooled and Ai¬ 
red in the central system. 

To bring the rotating element to rest after the tur- 
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bine gates have been closed, and also to prevent the 
rotor from turning in case of leaks through the gates, 
brakes are installed on the generators. These brakes 
are operated by compressed air, from a valve 
mounted on the hand-control stand located near the 
governor. 

Ventilating air for the generators is taken into the 
machine from the generator room and also from the 
pit under the machine. The amount of air required 
by the different machines to carry off the heat varies 
from 70,000 to 90,000 cu. ft. per min. Each generator 
is surrounded with a steel plate housing, as indicated 



Fig. 22 —One-Line Diagram of Connections, Station No. 
3 Extension Development 


in Fig. 21, which connects to a duct system through 
a fan. In the summer months the ventilating air 
can be discharged outside the station. In the winter 
months part of it will discharge into the station and 
control room for heating, and the remainder will go 
to the ice run. The average efficiency of the three 
generators at normal load and 90 per cent power factor 
is 98 per cent. 

The leads from the generators go to an oil 
switch located in a terminal building on the 
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)f the cliff above the power house, and then directly 
six-circuit transmission line carried on steel towers, 
runs to the Echota substation, three miles away, 
se generator oil switches are automatically tripped 
iverse time-limit relays when short circuits occur 
ide the generators. In ease of trouble within the 
rators the switches are opened instantaneously 
the field circuit is killed by a balanced relay system 
rotection operated from differentially connected 
mt transformers in the generator leads. 

; the top of the cliff above the main generating 
on is the control building. On account of the simpli- 



23—Control Room Showing Panels poe Control op 
100,000 H. P. Station No. 3 Extension 

of the switching arrangement, shown by the 
g diagram, Pig. 22, the control is greatly simplified, 
clearly indicated in Pig. 23. Wlien a switch is 
ed, an annunciator on the control board shows 
elay that operates it, thus indicating the source of 
rouble. In each of the generators are 18 tempera- 
indicators located at different parts of the stator 
ings. Six of these in each machine, that show 
highest temperatures, are connected up to an 
ator in the control room. • 

eitation for the alternators is obtained from 2200- 
induction-motor-generator sets. Each exciter 
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is of 225-kw. capacity, shunt-woPnd with interpoles, 
and generates 220 volts. The induction motors can 
be supplied from three separate and distinct sources, 
any one of which can be connected to a duplicate 
set of busses, and the 2200-volt induction motors, 
driving the exciters, connected to these busses through 
selector oil switches. An emergency source of ex¬ 
citation may be obtained from direct-current busbars 
in Station No. 3. This circuit is connected through 
a field rheostat to a busbar, to which the field coils 
of any one of the alternators may be connected in case 
of failure of its motor-generator exciter. 

In la 3 dng out the station, effort was made to divide 
the electrical and mechanical operating functions. 
Electrical operation is centered in the control room and 
the mechanical in the station. How successful have 
been the efforts to simplify operation is evidenced by 
the fact that a station of a normal operating capacity 
of 100,000 kw. is being operated by three men on a 
shift. The general external appearance of this sta¬ 
tion and its relation to Station No. 3 are shown in 
Fig. 24. 

Transmission Line to Echota 

The transmission line has a length of 16,000 ft. and 
runs from the terminal building up the canal to the 
river, thence following the bank past the plant of the 
old Niagara Falls Power Company (now known as the 
Niagara Plant) and finally turning away from the 
river again at Echota to connect with the Echota 
substation. 

The solution of the transmission problem was greatly 
facilitated by the consolidation of the two power 
companies, as land for the location of the line for the 
greater part of its length was already in possession of 
one or the other of them. For a distance of approx¬ 
imately 4000 ft. through the heart of the city, however, 
it was necessary to make use of the property already 
occupied by the hydraulic canal. This was accom¬ 
plished by means of steel cantilevers anchored into 
massive concrete foundations on one bank of the canal, 
upon which were erected the six-circuit transmission 
towers. 
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For the greater part of the distance it was found 
necessary for only the narrow bases of the towers to 



Fig. 24 View of Station No. 3 and Extension from 
Canadian Side of Niagara River 

be^ placed ^ over the canal right-of-way, easement 
being obtained from abutting property owners for the 



Pig. 25 —Transmission Line Crossing Street Intersection 
Showing Long Cantilever Foundations 


overhanging portion of the construction. At the 
large bridge spanning the canal at the junction of 
Third and Niagara Streets, however, this was not 
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possible, and it was necessary to place two towers 
entirely over the canal. This was accomplished by 
means of long cantilevers extra heavily braced, as 
shown in Fig. 25. 

The main horizontal members of this structure are 
composed of two 30-in. I beams, each 60 ft. long, 
placed side by side. Thirty feet of these beams are 
buried in the massive concrete foundation, the other 
30 ft. projecting out over the canal. In these structures 
the center line of the towers is 25 ft. from the face of the 
canal wall. A heavy brace was added to these special 



Fig. 26—Poetal Anchor Toweb 


structures to give stability and rigidity, although 
not needed for strength. In the case of the short 
cantilevers the brace was omitted. 

In addition to the special narrow-base towers used 
on the canal section, the local conditions called for 
the use of several other types of structure, two of 
which are shown in Figs. 26 and 27. The portal type 
of construction was used for the section along the river 
bank where the line is built over a future street. 

The line comprises six three-phase circuits, each 
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consisting of 500,000.cir. mil stranded medium hard- 
present two circuits are used for 
each 32,500-kv-a. unit at 12,000 volts, but clearances 
are provided for 66,000 volts 



Fig. 27 —Flexible Portal Tower 



Owing to the fact that this line passes through the 
business portion ol a busy city, special precautions 


Fig. 28 —Echota Distributing Station Showing Out¬ 
going Overhead Lines 
M ost of the feeders leave the station underground 

were taken to guard against failiire. Each conductor 
is strung for a maximum tension under worst condi¬ 
tions of wind and ice of 6000 pounds. At strain 
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towers double-strain insulators are used. Short spans, 
not exceeding 350 ft., were used as a further 
contribution toward safety and stability. 

The line is insulated with substantial spider-type sus¬ 
pension insulators, two units being used in suspension 
strings and three in strain. On the canal section. 



because of the peculiarities of the right-of-way, it 
was impossible to avoid a number of small angles, 
at which points suspension strings with hold-downs 
were used. The line is protected against lightning 
by five overhead ground wires, ^-in. copper-clad 
wire being used for this purpose. 


I 


Futufe Control Room 
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Echota Distributing Station 
The Echota substation is intended to serve three 
functions—(1) to subdivide and distribute the power 
from the new plant, (2) to serve as a clearing house 
for the output of the five generating stations, ag¬ 
gregating 400,000 h. p., and (3) to act as a future 
step-down transformer station. 

^ Inasmuch as the primary function of this station is to 
distribute the power of the new plant, it was decided 
to preserve the unit arrangement in its construction. 
The station was accordingly laid out in units of a 
nominal capacity of 32,500 kv-a. Five of these units 
were constructed, three for the new plant and two for 
interconnection with other generating stations. A 
control building containing the switchboard apparatus 



Fig. 30 Longitudinal Section of Echota Distributing 
Station—Showing Cross-Sections op Bus and Switch 
Structures and Control Room 

was also erected. The general wiring diagram. Pig. 22, 
shows the arrangement of the main circuits; the 
physical layout of the structure is similar to that of 
the diagram. The general scheme is that, of a main tie 
bus running lengthwise of the building with the unit 
lateral busses joining it at right angles. 

The five units or bays and the control building sire 
connected at one end by a narrow building or passage¬ 
way which contains the incoming line protective equip¬ 
ment and serves as a distributor for the control wiring, 
piping, etc., and as a means of access between the con- 
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trol building and the several unit bays. The main 
operating portion of the station is concentrated on the 
second floor which contains the oil switches with their 
disconnecting apparatus and the control room. Under 
each of the unit bays is a subway for distribution of 
cables. This connects at each end with longitudinal 
subways. 

A radical departure from the usual station construc¬ 
tion is the placing of all oil circuit breakers on the out¬ 
side of the building walls; in other words, the main 
bus and switch structure walls are utilized as the walls 
of the building, all high-tension connections being upon 
the inside, where they are thoroughly housed and pro- 



Fig. 31 — Cross-Section through One Bay op Distributing 
Station—Showing Elevation of Bus and Switch STRUCTtmB 


tected against the elements, and the oil switches upon 
the outside, where explosions and oil fires can do a 
minimum of damage. Galleries are provided on the 
outside for access to the oil switches which are protected 
from the weather by suitable housings. 

Each incoming line, after passing through a set of 
choke coils for lightning protection, divides, one side 
going through an oil circuit breaker to the main bus, 
the other side through a similar breaker to the 
unit reserve bus. In each bay provision is made 
for six outgoiing feeders. Each of these connects to 
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breaker and to the 
HnU disconnecting switches. The func- 

tae f ® It serves as a 

crue reserve bus from which all feeders can Ha 

^PPM temporarily through the reserve-bus ^tct 
(2) The reserve-bus switch serves as a substitute 
switch for any individual feeder switch wS may 
be out of service. In this manner duplication or 

caLn'^o/on^ facilities is obtained without dupli¬ 
cation of o l switches on each feeder. Provision is 
the installation of reactors betweerbayr 
and these will be installed as soon as they are required’ 

Owing to the great importance of this station in the 

ft w?s distribution, both present and future, 

it was detemined to insure the greatest nossiblp 

bfS^^ switches. Accordingly 

oth of the chief manufacturers were asked for a 
recommendation on this basis, resulting in the proposal 
c^o Really differeut types of oil slitches'Z“ly 
type C O-2 and type H-9. Owing to the absence of 
operating experience with these switches, it was found 
impossible to establish definitely the superiority of 
either one over the other, and it was decided so to 
construct the station that either one could be used. 
Ihis was accomplished by slight modifications in the 
standard assembly of both types, and it was decided to 
install at the start a number of each type in order that 
actual operating experience might be had with both. 

The^ doors covering the disconnecting switches of 
each circuit breaker are all operated together so that 
It IS impossible for an operator to obtain accidental 
access to a disconnect of an adjacent circuit breaker, 
inese doors are mechanically interlocked with the 
circuit breaker so that they cannot be opened until 
the corresponding oil switch is in the open position. 

The^smtchboards consist of vertical panels and are 
divided into five sections corresponding with the five 
mam bays, in addition to a house-service section. Back 
to back with the control boards, with a 4-ft. aisle be¬ 
tween them, are the relay and terminal boards. Each 
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instrument and relay is provided with a complete 
set of calibrating link terminals mounted upon small 
panels on the rear of the main panels. 

The vertical wiring on the back of the switchboards 
is carried in troughs in* wide, made up of two in. 
angle sides with asbestos board back and removable 
sheet-metal covers. The advantages of this system 
of wiring are safety, accessibility, neatness, ease of 
installation and flexibility. 

At their point of departure from the board, all 
control wires pass through terminal links and are then 
carried in steel pans or troughs mounted one above 
another on brackets fastened to the wall of the building. 
By this construction the control wiring is made ac¬ 



cessible practically throughout its entire length, and 
at the same time an enormous amount of conduit 
work is avoided. 

For the operation of the control circuits there are 
provided two 14-kw. motor generator sets and a 120- 
ampere-hour, 220-volt storage battery. 

The incoming lines from the new generating station 
are each equipped with overload, ground and reverse- 
power relays. These relays are arranged to trip both 
the main and reserve-bus circuit breakers. The bus- 
tie switch is equipped with overload relays. Feeder 
switches are relayed in two different ways, according 
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I" -to 

split-conductor protection k 

two pairs of cables “■' 

current transformers andTo^^a^Xs 

cases ground relays arf> I'nct n In other 

cmrenf transfS „Tum“^ “ ^e 

also installed on all TdS 

induction type the fim sT; All relays are of the 

overlMd and the one-ampere Se to aid 

ground protection. auierential and 

thf relayTystem“irthe Stalktion 

nSi ani k «ives an indication of 

troubto It^l f ^ the 

nn f- furnishes the means of keeping tabs 

has been^in odL? the station 

ofthisfeatureTr^r^'J^'^if ^ months, the value 

Ft™?p nl^ demonstrated. 

UETHER Development Authorized by Federal 

License 

to^teSTSV" “'V' ^ Extension 

JL Td-l ’? '"•P- provides for the utiliza¬ 
tion of the entire amount of water, 20,000 cu ft ner 

sec., which is available under the existing treaty 
Bu there has been, and with the return ”1 n^SSi 

addwS p”w£°" f” 

Since by Act of Congress creating the Federal 

trTS ^®^®™u^ent assumed con- 

situation it became necessary 

fnJhp obtained for any 

further development of power. As no further water 

IS at present available the only source of additional 
power IS the use of some of the present water unTr 
mcr^sed head. Naturally, the least efficient of the 
existing plants would be the one first selected for ob- 
solesence, which in this case is the “Niagara'’ plant, 
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which, operating under an effective head of 140 ft. 
obtains but 12.1 h. p. per cu. ft. per sec. as compared 
to 21 h. p. per cu. ft. per sec. in the Station No. 3 
Extension. 

The economic reasons for the plan adopted for the 
re-development of this water have been given above 
and the Company is now proceeding under license 
from the Federal Power Commission with the con¬ 
struction authorized. 

The power will be developed in a further extension 
to Station No. 3 along similar lines to those followed 
in the already completed extension. 

The water will be brought from Port Day through 
a 32-ft. horseshoe-shaped tunnel at a depth of about 
100 ft. below the surface of the ground. From this 
tunnel the water will be taken to the penstocks through 
a forebay similar to that provided for Station No. 3 
Extension. The construction of this tunnel was 
started, with fitting ceremonies, on April 25th of this 
year, and the work is now proceeding rapidly from 
both ends and two intermediate shafts. It is expected 
that the first unit of this development will be started 
on or before May 1st, 1923. 

A portion of the additional power to be obtained 
from this development will be delivered to the Buffalo 
General Electric Company. For this purpose a new 
66,000-volt transmission line is now under construc¬ 
tion from the Echota Station to the vicinity of the 
steam station of that Company which is located on 
the Niagara River about a mile below the Buffalo 
City Line. This new line will consist of two circuits of 
500,000-cir. mil copper and will be capable of trans¬ 
mitting upwards of 100,000 h. p. to Buffalo. This line, 
unlike its predecessors, will take a direct route, first 
crossing the East arm of the Niagara River from the 
mainland to Grand Island, thence running straight 
across the island and recrossing the river to the main¬ 
land again between Buffalo and Tonawanda, whence 
it will extend to its terminus by the shortest available 
route. At the lower crossing the river is about 4000 
ft. wide and the crossing will be made in two long spans 
of about 1600 ft. and two shorter anchor spans, with 
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i iSt 

Niagara Power in American Industry 

4ends'°u”p^n°L^ 

the state of civilization w^Il be the'^n 

and the general w^n advanced 

ratio of usefully emnlovprf^ ^ Sr^atest, where the 

absolutely contin™usT"h2S'‘°» ? 

,H==-#SiFS 

With the large western powers located fn !i ! 
inaccessible fastnesses of the mountain« 
removed from all fhn<^a nfu and far 

mxast Star^ru^rt 

those wheat,one where the value of the e^ce w.1^ 

vv^arrant the cost of such transmission Notso 

hlihgra. Here industry can 00^*0 

of the power plants and obtain absolutely conLuom 

power with no added expense for transmiiore 
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It would seem, therefore, that Niagara was intended 
by Nature for application to those primary industries 
requiring continuous power at low cost, especially 
electrochemical and electrometallurgical processes, pro¬ 
ducing essential raw materials for use in secondary 
industries engaged in the manufacture of finished or 
semi-finished products. This is the destiny of Niagara. 
Not primarily in lighting the lamps nor in turning the 
wheels of industry is to be found the ultimate outlet 
for Niagara’s steady energy, but in the production of 
the necessary materials of industry which can be 
produced in no other way. 

Such has been, in fact, the principal use to which 
Niagara power has been put, and it is not entirely 
coincidence that the great industrial growth of America 
has been contemporaneous with that of the develop¬ 
ment of Niagara. To what extent, for instance, the 
development of the automobile industry has been 
dependent on Niagara power, we do not know exactly, 
but it has been estimated that the withdrawal from 
this industry of only three of Niagara’s products, 
namely, ferroalloys, artificial abrasives, and aluminum, 
would both increase car weights and decrease production 
by about 80 per cent. What is true of the automobile 
industry is also true to a very great extent of all of 
our industries. Niagara might today be rightly 
named the “Mother of American Industry.’’ 

This conception of Niagara’s destiny, however, has 
not always obtained. Before the discovery of 
these products, or of ways for their manufacture and 
use, Niagara’s energy was thought of entirely in terms 
of turning wheels and illuminated houses and streets. 
So some of the earlier developments were predicated 
upon transmission but with the gradual unfolding of 
her peculiar genius, it .has slowly come to be recognized 
that, like all good mothers, her most important duty 
is at home. Immutable economic laws will dictate 
that at home all her energies must ultimately be 
expended, “mothering” America’s industries. But for 
some time to come there may not be a sufficient outlet 
for her energy in this direction. 

During the three decades since the birth of hydro- 
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electric development, we have been catching up with 
the demand and the development has befn con^. 

capacity of America to 
bsorb the products of those industries to which 
Niagara has given birth gradually becomes saturated, 
the rate of development will naturally become slower 
and more commensurate with the growth of population 
Of the whole country, unless a new and broader outlet 

ch developed. That those energies 

should be developed to the full, and that as soon as 
my be, IS not to be questioned. Once it has been 
determined, as has now been done by the Federal 
ygineers, y to how much of Niagara’s potential 
power may y put to work, there should be no delay 
Every pound of water that can be spared but is per- 
mtted to pass without doing work when there is work 
0 be done, means the unnecessary destruction of just 

coal supplies. Therefore, 
p nding the time when allof Niagara’s energy is needed 
at home for use m primary industries, such part as is 
not so needed should be employed, elsewhere if neces¬ 
sary, in secondary industries or in ministering to the 
ymfort and convenience of the people in their homes. 

V. ^ feasible, but its consummation 

should be undertaken with caution. 

It must be borne in mind that the attainment of our 
highest good must ultimately demand the most efficient 
use of this power. Nor is efficiency here meant in any 
narrow sense, but in the broadest sense of the greatest 
good to the greatest number. Within the next few 
years we shall undoubtedly see great superpower 
tonsmission lines reaching out hundreds of miles from 
Niagara, putting her surplus power to work, but as the 
years roll on and the growth of our population creates 
mcreasing demands for the peculiar products of 
Niyyas particular genius, we shall see this energy 
distnytion gryually being drawn in. And creeping 
yter It we shall see great steam plants slowly but stead¬ 
ily approaying Niagara, replacing in' the homes and 
seconday industnes, that energy which, as times goes 
y, can less and less be spared from the “mothering” 
home industries of Niagara. 
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lightened, out will go 
SSriinSTo'ftT T i^tei-<ionnecting trans¬ 
its use in tL V 5®” <^oal by 

this industries and utilities. In 

tinL“ »°» »« kept con- 







ADVANCES IN THE ART OF WATERWHEEL 
DESIGNS AND SETTINGS 


BY W. M. WHITE 
Allis-Chalmers Mfg. Co., Milwaukee 


T he utilization of our natural resources for 
the development of power, its transmission and 
the employment of that power to relieve man of 
burdensome toil, has been an outstanding feature in 

the progress of Western civilization during the past 
naif century. 

The advance of communities, states and nations may 
be read in the record of the percentage of mechanical 
power utilized per man. An English statesman 
recently said in open Parliament meeting that the 
reason why American manufacturers can pay twice 
the wage paid the English workman and yet compete 
in the markets of the world, is because each American 
workman has behind him twice the developed horse 

power per man that the English workman has behind 
him. 

Of the total power developed in the United States, 
that furnished by water power forms no inconsiderable 
part. The amount of power now developed from water 
is approximately nine million horse power. It has 
been estimated that fifty million horse power can be 
developed from the rivers within the borders of the 
United States. Of the nine million horse power, by 
far the major portion has been developed in the last 
thirty years and a curve expressing relation of time and 
power developed would be parabolic in form with an 
upward trend. 

Power was first developed from water by the Chinese 
about two thousand years before the birth of Christ. 
They used paddle wheels and. buckets attached to the 
rim of a large wheel placed in the rapidly flowing stream 
for the purpose of raising water for irrigation. 

925 
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The early American types of waterwheels were 
peculiarly adapted to the locality in which they were 
made. From the New England States with their 
meandering streams and low falls came the inward 
flow, reaction turbine wheels, and out of the mountain¬ 
ous West with its precipitous streams and great falls, 
came the Pelton or impulse wheel. 

The work of J. B. Francis of Lowell, Mass., was a 
notable contribution to the art, resulting in the develop¬ 
ment of the inward flow, axial discharge wheel which is 
essentially the present waterwheel runner of the reac¬ 
tion type. Splendid results were obtained by the early 
designers by the cut and try method. The determina¬ 
tion of the flow of water under given conditions is 
difficult and is usually computed from empirical 
formulas founded on experimental data. The problems 
involved do not lend themselves to easy mathematical 
treatment. For example, the regulation of a hydro¬ 
electric unit with pipe lines involves the varying pres¬ 
sures at the wheel caused by the inertia of the water 
in the pipe line caused by the varying of the velocities 
of the water in the pipe line. 

Some splendid approximate, mathematical formulas 
have been developed recently for determining these 
pressures with given pipe line conditions, but these 
formulas do not give exact or correct values for all 
conditions. 

It is not difficult to set up differential equations which 
give proper relative values to the variables involved, 
but some of these equations are not solvable by the 
present methods available for simplifying equations. 

The electrical quantities involved in the design of 
electrical apparatus are more readily determined than 
those quantities entering into hydraulic problems. 
The loss (friction) in an electric conductor varies 
directly as the current (velocity). The loss of head 
or friction in a pipe varies as the wth power of the 
velocity. The former involves equations of the first 
degree; the latter, equations of the second degree. 
The value of n is 2 for the starting of water in motion 
and the stopping, of it; that is, v equals V2 g h, and 
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the 1.85 for computing 

tne loss by fnction m pipes. H = K yi ss 

as the'vSwT^“® to the hydraulic engineer to know, 

fn one^ *^^t a Professor 

table nf f +• colleges is now working on a 

fuStiouf''''?-T logarithmic 

Srtal will probably enable reductions of 

“"S ’ ^Ti, differential equations to be 

formule r- ""S’® "" of an exact 

of Srk problems involved in this line 

- oncrgy for the production of power from water 
IS the product of the weight of the water and the head 
or fall utilized. Broadly speaking, the natural con¬ 
figuration of the locality of the power developed, 
determines the head or fall available, and the drainage 
area and climatic conditions contributory to that 
locality are the principal factors in determining the 
quantity of water. As it seldom occurs that the 
configuration of the locality and the drainage area 
and climatic conditions are the same, so it seldom 
results that one hydraulic power development is an 
exact duplicate of the other. The hydraulic engineer, 
therefore, has no one fixed condition to begin with. 

Prom the above it results that each power develop¬ 
ment requires special study to select that method and 
type of development suited for the particular location. 
The problem of finding the proper power house and 
da,m location in the maze of contour lines calls for 
minute investigations and studies. It requires a great 
deal of time and the working out of the costs of many 
preliminary studies of power house design of that 
particular site in order to find the proper relation of 
dam, pipe line, power house, tailraces, transmission 
lines, hydroelectric machinery, and living conditions 
which will result in the most economical and satis¬ 
factory development. The advance of the art must 
be taken into consideration because what treatment 
was satisfactory for a given development even five 
years ago can now be improved by making use of 
recent advances in the art of waterwheel design and 
settings. 
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The modern trend is to develop completely any given 
power site. The number of units in the given plant is 
dependent upon the service to be rendered by the 
given plant. The network of transmission lines is 
now becoming so extensive that isolated power plants 
are the exception rather than the rule, as formerly. 
In an isolated power plant it was necessary to divide 
the development into several units, usually at least 
four, so that continuity of service could be maintained 
by allowance for repairs and renewals. Most of the 
isolated early developments have now grown to huge 
dimensions having many plants interconnected with 
themselves and, in many cases, interconnected with 
adjacent companies, and now many companies have 
lines of interconnection reaching into several states. 
The hydroelectric station in the large systems today 
is the unit just as the individual waterwheel and 
generator were the individual upit years ago. The 
engineer is at liberty, therefore, to handle this unit in 
any manner which will make for economy in construc¬ 
tion, efficiency in operation, and reliability of service. 
All three of these considerations really demand the 
same thing—the largest single unit which can be 
installed in the particular development under considera¬ 
tion, thus doing away with several small units with 
an additional spare unit. 

Speed 

Having determined upon the size of unit for a 
particular setting, the speed of the unit is practically 
fixed for that head. A formula which has been used 
for sometime as fixing the upper limits of speed is as 
follows: 


rev. per min. 


5050 
H + B2 


-1- 19\ 


Vh. p. 



Where 

H equals head acting on the turbine 
h. p. equals the maximum horse power of the turbine. 
The formula ( 1 ) applies to a single runner and, in 
the case of multi-runner units, the maximum horse 
power of the unit is to be divided by the number of 
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runners and the horse power per runner substituted in 
the formula ( 1 ). 

The maximum horse power of the turbine is usually 
from 15 to 25 per cent more than the actual power 
required to drive the combined unit at its best efficiency. 
This relation results from the fact that the maximum 
efficiency of a waterwheel occurs at from 0.8 to 0.9 
load, depending upon the type of runner used and the 
desire to have overload capacity on the turbine. The 
rev. per min. given by the formula (1) is altered to 
conform to synchronous speed. The above formula 
is not rigidly adhered to, although it has been arrived 
at by incorporating in its factors the experience of 
all of the waterwheel builders for many years past. 
Each manufacturer has a line of developed waterwheel 



NET EFFECTIVE HEAD IN FEET 

Fig. 1—Specific Speed Limit Chart 
Formula 

5050 

■“ . + 19 in ft. «= ft-lb. lb. units 

iV » —— 4- $4 in metric units = 4.45 Ns 
H+32 

Insert H in feet in both formulas. 

runners and is frequently in position to make a selection 
of speed which will result in considerably lower cost 
to the customer because of developed apparatus, and 
in all cases a reliable waterwheel builder should be 
consulted as to speed. The matter of the selection 
of speed will be again referred to under the subject 
of “Specific Speed.” 
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Specific Speed 

_ Specific speed is the speed at best efficiency which a 
given runner will make when reduced homologously 
to such size that it will produce one horse power under 
one foot head. The value of the specific speed of a 
given runner fixes definitely that runner as a type with 
relation to all other runners. The formula for specific 
speed is as follows; 


N, = rev. per min. 

H^/i 


( 2 ) 


For simplicity of computation in common practise, 
the horse power of the turbine is reduced to h. pi. 
That IS, the horse power which that particular unit 
would give under one foot head. This is obtained by 
dividing the horse power by the three halves power of 
the head. 

The rev. per min. is reduced to. the number of 
revolutions that particular turbine would give under 
one foot head, or, namely, rev. per mini. This is 
obtained by dividing the rev. per min. of the given 
turbine by the square root of the head; therefore, 
formula (2) becomes: 

iV, = rev. permin. Vh~^ (3) 

The curve shown in Fig. 1 expressing relation of 
specific speed and head was determined by plotting 
the specific speeds of practically all of the noted plants 
m the United States and some abroad with relation 
to the head under which they were operating, noting 
on the point so plotted those plants on which no 
pitting occurred and those on which pitting of the 
runner did occur, or noting any other unstable or 
unsatisfactory performances of plants in operation. 
A cuwe was then drawn below the points representing 
plants on which pitting occurred or which were un¬ 
satisfactory on an average, and above the points 
representing all of the plants on which pitting did not 
occur and which were satisfactory and efRcient in 
operation. A ceurv 


Y = 


6050 


H + 32 


+ 19 


( 4 ) 



1921 ] WA TERWHEEL DESIGNS AND SETTINGS 931 

plotted with vertical ordinate as specific speed and 
horizontal ordinate as head gives the specific speed 
curve referred to above and is the factor used in the 
derivation in the original equation (1), Steady advances 
are being made and no doubt speeds higher than those 
indicated in formula (1) will ultimately be adopted. 
There is probably no other thing in the design of a 
hydroelectric plant that received more discussion than 
the question of the speed of the units. There are 
several contending forces: The electrical engineer 
desires usually the higher speeds in order to cheapen 
the cost and frequently increase the efficiency of the 
generator. On the other hand, the waterwheel de¬ 
signer prefers his lower speed usually for better effi¬ 
ciency throughout and, certainly, for higher efficiency 
at lower or part gate loads, and for freedom from 
troubles in the field such as pitting, erosion and 
vibration. 

It does not always follow that the speed as given by 
formula ( 1 ) does result in a satisfactory waterwheel 
unit, but the most skilled designers are now enabled 
to produce those speeds and sometimes higher without 
dangerous pitting or cutting. 

The size of waterwheel units has steadily increased 
to such a point that now the cost of the generators 
does not vary as widely with the change in speed, so 
that it may result that, in the design of larger units 
now in general contemplation, this troublesome case 
may settle itself. 

Speed Regulation 

The great inertia of the moving mass of water to and 
from the waterwheel produces difficulties in the 
regulation of the speed of the waterwheel unit which 
can best be controlled by making use of the inertia of 
the revolving parts of the waterwheel and generator. 
The greater the inertia of the enclosed supply water, 
the greater the W necessary to give good regulation. 
The factors entering into the control of the speed are: 

(a) the time (t) in which the water is shut off from 
or turned on the unit. 

(b) the increase or decrease of the effective head on 
the turbine occasioned by such change. 
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(c) the inertia of the revolving mass which resists 
change of speed by acting as a reservoir for the energy 
unabsorbed otherwise. 

The governing apparatus is frequently unfairly 
charged wdth poor regulation, when all that apparatus 
can do is to open or close the turbine gates within a 
predetermined time {t) when actuated by a change in 
speed. The formula most commonly used for quick 
computation of speed change, although not exactly 
correct, gives results well within the limits required. 

A = 800,000 X h. p. X f 

Where XWR^ ^ 

A is the ratio of increase or decrease in speed 
h. p. is the horse power suddenly thrown on or off 
t is the time for the movement of the gates of 
the turbine 

W equals the inertia of the rotating parts of the 
waterwheel and generator. 

Formula (5) is used only for open flume turbines or 
where the change in pressure or head resulting from 
the change in flow, is too small to be considered. For 
cases where load thrown off results in an increase of 
head at the turbine inlet, the following formula may 
be used with good results: 

A = 800>000 X h. p. X f / A F X 

rev. per min.® + W R^ \ H ) 

In case of load suddenly thrown on, the formula 
becomes: 


A = 


800,000 X h. p. X ^ 


rev. per min.^ x TF ^ 1-^ 


( 7 ) 


Where 

H equals effective head, feet 
A H equals change in head,|feet 
For a more thorough discussion of speed regulation 
the reader is referred to Mr. Arnold Pfau’s paper, 
“The Speed and Pressure Regulation of Hydraulic 
Turbines,” copies of which the author will be pleased 
to furnish. 
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The resulting change of effective head operating on 
the turbine caused by the movement of the gates 
within the time (f) is dependent upon the velocity and 
length of the column of water. Manifestly open flume 
turbines are easiest of all to regulate. Turbines having 
long pipe lines with high velocities cause greatest 
difficulties in regulation. Modern governors are 
equipped so that they may be readily adjusted for 
moving the gates open or closed in a predetermined 
time, usually a different time for closing and opening 
the gates in order to avoid synchronous waves in the 
pipe line. An important factor to be taken into con¬ 
sideration is the fact that the horse power to be inserted 
in formula (5) is the change in horse power which is 
developed under the changed effective head acting on 
the turbine, due to the change in pressure occasioned 
by the quick movement of the gates. Reference was 
made at the beginning of the paper to the complicated 
mathematical solution of the problem of regulation, 
but a fair understanding of pressure changes at the 
turbines may be had from the following formula. 


H equals the increase or decrease in head 
L equals the length of the water column in feet 
including draft tube 

V equals the change in the average velocity of the 
water in feet per second within the time (t) 

G equals the value of force of acceleration of gravity 
equals 32.2 ft. per sec. per sec. 
t equals the time in seconds in which the change in 
velocity is made. 

There are many factors which enter into the exact 
mathematical solution such as the elasticity of the 
pipe line, the ratio of change in velocity for any small 
increment of time during the time (t) and the ratio 
of the increase or decrease of the pressure for any small 
increment of time during the time («). There are 
certain peculiar conditions for length of pipe line, 
velocity in the pipeline and time of movement of 
the turbine gates which will result in an actual in- 
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crease of power on the turbine as the gates are closed. 
In other words, the increment of increase of head is 
greater than the decrement of the decrease in quan¬ 
tity. The length of the pipe line is fixed by the natu¬ 
ral conditions surrounding the development, but the 
velocities within the pipe line can be controlled and pre¬ 
determined by the selection of the proper size of pipe 
line. The cost of the increase in the diameter of the 
pipe line may be excessive and it frequently results 
that W may be secured in the generator or in a 
flywheel at much less cost. If the pipe line conditions 
are rather rigid and fixed, it becomes necessary to 
provide proper W to secure the desired regulation 
as may be computed from formulas (6) and (7). The 
regulation constant has been determined by observ¬ 
ing in power plant operation the W and other con¬ 
ditions necessary for reasonable regulation. The 
constant is set up by the following equation: 

K = (rev, per min.)^ XW RP^ 
h. p. 

It will be noted that the constant K includes three 
of the principal factors of equations (5) (6) and (7). 

The value of K should not be less than four mil¬ 
lion for open flume construction and runs as high as 
fifteen million on some of the successfully regulated 
plants having long penstocks with reasonably high 
velocity. 

As waterwheel runners have a very small W R^ 
compared with that of the generators which they drive, 
the generator should have a constant for regulation 
of not less than four million as stated above. 

Pressure regulators are used in connection with the 
governors to reduce the rise of pressure on closing 
of the gates. They are expensive, however, and where 
it is possible to obtain substantially equal regulation 
by increasing the W and omitting the pressure 
regulators, with consequently slower governor opera¬ 
ting time at anything like the same cost, it is preferable. 

Runner 

The most important single piece in the make-up of 
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the water wheel is certainly the runner. The func¬ 
tion of all the headworks, supply lines, casings, speed 
rings, and guide vanes, is to deliver to the runner 
the maximum amount of energy with proper relation 
of velocities and pressure, and the function of the proper 
draft tube or regaining devices beyond the wheel is 
to return to the runner in the form of added head, 
as hereafter explained, the maximum amount of energy. 
The function of the runner, therefore, is to transform 
the maximum amount of energy delivered to it into 
mechanical power on the waterwheel shaft. 

The diameter of the runner is fixed by the relation 
TrDN = (j)V2jH 

Where 

D = diameter of runner in feet. 

N = rev. per min. -i- 60. 

(t> = coefficient. 

H = the effective head on the turbine as measured 
from the equivalent pressure head at the 
entrance to the casing plus the distance from 
the point of measurement to the level of 
the tailwater in the tailrace. 

The value of varies from, say, 0.6 for very high- 
head wheels to, say, 0.8 for low-head wheels. The 
diameter (D) is the diameter of the circle touching 
the intake edges of the runner vanes along the center 
plane of the.guide casing. 

For purpose of explanation let us consider a runner 
of normal specific speed, say 35, (shown in Pig. 3) 
where </> would equal 0.72, and where the water de¬ 
livered from the guide vanes to the runner would have 
its energy about equally divided into velocity and 
pressure. The runner, therefore, receives the water 
in a whirling vortex, yet under a pressure of about 
one-half of the head, and the shapes of the runner 
vanes are formed so that the water in passing through 
the runner is directed backward to the rotation of 
the runner and is discharged from between the runner 
vanes at a velocity substantially equall to the forward 
velocity of the runner, so that theoretically and ideally 
the water should flow parallel to the shaft into the 
draft tube with a minimum loss, considering the di- 
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ameter of the discharge of the runner band and the 
necessary velocity at that point to pass the quantity 
of water required. This condition of axial discharge 
is not attained and as a matter of fact is not desired 
for maYimum efficiency. Pitot tube traverses made 
across the draft tube near the runner band show that 
usually the water at best efficiency whirls with the run¬ 
ner near the outer band and against the rotation of 
the runner near the inner band. The amount of energy 
discharged from the runner, therefore, is greater than 
that given by 

2G 

where V is the average velocity of the water flowing 
axially through the upper end of the draft tube where 
it joins the runner. 

The number of vanes or buckets in the runner varies 
from thirteen to twenty-four depending upon the spe¬ 
cific speed of the runner and the head under which 
it operates. The condition to be satisfied in the se¬ 
lection of the number of vanes is that number which 
will form passages through the runner sufficiently 
smooth in shape to avoid eddies and cross currents, 
and yet not too many vanes as contrasted to the 
friction which is introduced by the accumulated sur¬ 
face of too many vanes. The diameter of the runner 
at discharge is contracted until a balance is arrived 
at between the loss due to the velocity discharged from 
the runner and the friction loss saved by reduction 
of vane surface. 

Another factor entering into the number of vanes 
is the question of pitting or erosion. Too few vanes 
will not give a proper channel between the vanes which 
results in the water leaving the back side of the vanes 
near the outer band creating a vacuum and slapping, 
action causing mechanical erosion, or creating a 
vacuum in which collects nascent oxygen which eats 
away the vanes, or a sudden release of air from the 
water setting up currents causing electrolysis. All or 
any of the above reasons may be the real one; you may 
take your choice. The higher the specific speed the 
greater the ratio of the diameter of discharge of the 
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runner to the nominal diameter D of the runner. If 
the specific speed is increased the discharge band of 
the runner is gradually enlarged with respect to the 
nominal diameter and runners of 100 specific speed 
have a diameter of the discharge of the runner of 1.3 
times the nominal diameter. 

As the specific speed is increased the question of 
friction becomes the controlling element, con¬ 
sequently, this results in a reduction of the number of 
vanes, and a reduction of the size of the outer band 
which at maximum specific speed leads to the Nagler 



Fig. 2—55-in. Runner 


SOOO-h. p., 550-ft. head, 720-rev. per min. 


runner wherein the outer band is eliminated and the 
number of vanes reduced to a minimum. Three vanes 
in this type of runner have been found to give good 
results. 

The problem of determining mathematically the 
results of flow in a straight pipe are so difficult, as set 
forth at the beginning of the paper, that it is apparent 
that any mathematical formula attempting to predict 
the results of a given runner under a given condition 
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involving as it does not only friction losses to the 1.85 
power but also centrifugal force, shock losses, disk 
friction losses and reaction losses, certainly has no 
place in this paper. The reader will be interested, we 
hope, in a statement of the various types of runners. 
Probably no single part of any apparatus has been fixed 
more by cut and try, and experimental methods than 
the runner of a waterwheel. 

Fig. 2 is a runner having a specific speed of 21.5 
designed to operate under a head of 415 ft. Fig. 3 
is a runner of 34 specific speed designed to operate 
under a head of 215 ft. Fig. 4 is a runner of 67,7 
specific speed designed to operate under a head of 
68 ft. Fig. 5 is type No. 13 with a specific speed of 
94 designed to operate under heads below 30 ft. 
Fig. 6 shows a four-bladed Nagler wheel having a 
specific speed of 137. 

Runner Material 

The runner being subject to greater stresses and 
greater wear, due to high velocities, than any other 
part of the waterwheel should have wearing rings and 
wearing surfaces wherever possible to facilitate ease 
of repair. 

The ideal runner material is bronze and preferably 
without any zinc. A composition which has been 
found eminently satisfactory for this purpose is com¬ 
posed of 90 parts copper, 10 parts tin with a trace of 
phosphorous. It is economical to use bronze runners 
on high-h^d units providing the bronze runner is not 
too heavy in weight resulting in an excessively expensive 
runner. Cast steel runners have been used with ex¬ 
cellent results on high-head and intermediate-head 
units. Cast steel is desirable on high-head large 
^nners where the weight of the runner is heavy. Cast 
iron runnere have been used with success on the highest 
head turbines although they are not as satisfactory 
as the steel, because at these high heads the velocity 
of any foreign material flowing through the guide vanes 
is so great as to break out portions of the cast iron. 
Cast iron runners are entirely satisfactory for all 
heads, say from 200 ft. downward. 

A type of runner which has been used with consider- 
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able success for intermediate and low heads, is one in 
which the vanes are made of plate steel pressed from 
forms and then cast integral with cast iron crowns and 
cast iron outer bands. These runners have the ad¬ 
vantage of having very smooth surfaces resulting in 
less skin friction, and also have the added advantage 
that the runner vanes may be bent back into position 
after having once been broken by foreign material 
entering the runner, which does happen from time to 


jnxG, 3—Shop View of 125-in. Cast Iron Runner for 
THE Largest Combined Hydroelectric Unit in the 
World 

32,500-kv-a.. 12,000-volt, 37,500-li. p., 215-ft. head. 150-rev. per min. 
For Niagara Falls Power Co., Niagara Falls, N. Y. 

time. Fig. 7 shows a good example of this type of 
runner in which the vanes are made of plate steel 
^ in. thick. Their specific speed is 102.5. These 
turbines are operating under 18.5 ft. head at 136.6 
rev. per min., developing over 825 horse power. 

The propeller type of wheel as described in Mr. 
MagleFs paper, Vol. 41, No. 12, A. S. M. E. Journal^ 
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entitled, “A NewjjType of Hydraulic Turbine Runner,” 
has been in use with cast steel vanes cast solid with the 
hub. Another type in use is cast iron. Another 
interesting type is that in which the vanes are formed 
of plate steel and are cast integral with the hub. 

Deapt Tubbs 

The twofold function of the draft tube is not usually 
understood. Its function is, first—to enclose and 
seal ja passageway from the runner to a point below the 
surface of the tailwater so as to produce a suction 
action at the discharge from the runner, at least equi¬ 
valent to the difference of elevation between the runner 



Fig. 4~Cast Iron Ettnner op Concrete Spiral Cased 


Turbines 

35-ft. liead, 90-rev. per min. 

and the level of the surface of the tailwater. Second— 
to transform the energy in the form of velocity head 
discharged from the runner into energy in the form of 
pressure head. This action may be a little more 
clearly understood by imagining a horizontal fiow in 
which the flow at a given point is at a velocity equal 
to that being discharged from the runner, and further 
down stream where the cross-section is increased and 
the velocity slowed down, the elevation of the water 
will be found to be higher than at the upper point. The 









1921] WATERWHEEL DESIGNS AND SETTINGS 941 


amount of this height is dependent upon the efficiency 
with which the conversion of velocity into pressure 
takes place. Therefore, the second function of the 
draft tube is to transform that velocity head into 
pressure head, thus (treating an added suction at the 
discharge of the runner equal in amount to the velocity 
head times the efficiency, of conversion. This amount 
added to the difference of elevation between the bottom 
of the runner and the level of the tailwater gives the 
total added suction at the runner. By this conversion 
of velocity back into pressure^and by this greater 



Fig. 5—80-in. Type No. 13 Htdbaulic Turbine Runner 
W ith steel plate vanes being machined for single vertical open-flume 
hydraulic turbine. Three units each 600-h. p., 9-ft. head. 60-rev. per mm. 


suction action being maintained at the discharge of 
the runner, the effective head on the waterwheel and 
runner up to the point of the discharge from the runner 
is greater than the head as measured from the equiva¬ 
lent level back of the waterwheel to the elevation of the 
tailwater. Therefore, by the conversion of the velocity 
head into pressure head by means of some proper form 
of regainer and maintaining a greater suction at the 
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runner by means of this discharged energy, the dis¬ 
charged energy is thus used by the waterwheel runner 
for the production of effective power. 

A complete vacuum will cause the water to rise 
within it to about 34 ft. above the level of the outside 
water depending upon the air pressure at that particular 
locality and time. The height, therefore, to which a 
runner may be located above tailwater level is limited. 
We turn again to past experience for the factor fixing 
that height. It has been found that a runner of moder¬ 
ate specific speed may be placed so that the maximum 
suction at the base of the runner does not exceed 27 ft. 
theoretically. In determining the theoretical suction 


G. 6— Shop View op 72-in. High-Speed Cast Steel Rh.nnbe 

Assembled on shaft and showing initial stages of assembling for balancing 
before finally grinding to a surface. 

Designed for 600-h. p., 200-rev. per min., head. 


there is added to the elevation of the runner above tail- 
water the total velocity head in the water discharged 
from the runner, that is, to say, the efficiency of con¬ 
version is assumed to be 100 per cent. This is the limit 
of good practise, and where possible, other things being 
equal, this should be kept lower. As pointed out 
previously there is a limit to which the topmost point of 
the runner at its discharge can be placed. When large 
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ranners are placed with shafts in horizontal position 
the center line of the shaft is necessarily kept low with 




Fig. 7—Vahioxis Sizes and Types op Allis-Chalmbrs 
Waterwheels 


For heads varying from 8 ft. to 2000 ft. 

The two large runners in the center have plate steel vanes, as well as 
the small one just below the impulse wheel. 


g^Q-XjiDB Vanes FOR Twin Horizontal Cylinder 
Steel Plate Casing Hydraitlic Turbine 
T wo units, 125-ft. head, 18,600-h. p.. 200-rev. per min. 


relation to the tailwater elevation in order to keep 
the top of the runner at discharge within the limits as 
set forth. This elevation of the shaft frequently 
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depresses the generator into the foundations below 
the level of high tailwater and sometimes of even normal 
or low tailwater. This is a good reason for the adop¬ 
tion of the vertical shaft. An interesting setting is 
that of the Kerckhoff Station of the San Joaquin 
Light & Power Corporation where the turbine pit 
is excavated from granite and draft tubes driven from 
the bottom of the excavation out to the river chaimel 
as illustrated in Fig. 21. This design enabled the 
avoidance of cofferdams which would have been very- 
expensive at this location. 



Fi0. 9 Guide Vanes fob Twin Vertical Open-Flume 
Hydraulic Turbine 

Four units each 4,675-h. p.. 30-ft. head, 100-rev. per min. 

The regain of energy from the velocity discharged 
from the runner may be accomplished more or less 
effectively by— 

(a) straight conical tubes. 

(b) curved draft tubes. 

(c) hydraucone regainers. 

Straight conical tubes will regain the energy with 
high efficiency provided the space available within the 
power house foundations is sufficiently ample to per¬ 
mit the installation of a long conical tube ha-ving a 
length of preferably more than four times the diameter 
of the draft tube where it joins the runner. Most of 
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the cuiT/'ed draft tubes are a delusion and a snare. Re¬ 
cent investigations along these lines have shown that 
curved tubes now in use are so poor in regaining ef¬ 
ficiency as to seriously detract from the power plant 
efficiency. 

The Hydraucone Regainer is a new device for re¬ 
gaining pressure from velocity within the limited space 



Fig 10—Inside View op Single Vertical Tvbbinb with 
Steel Plate Spiral Casing and Cast Iron Sdpporting 
Barbel for Generator 

8,500-h. p., 53-ft. head, lOO-rev. per min. 


available within the power house foundations. It con¬ 
templates spreading out the flow of the water on some 
form of either flat or conical plate and then placing 
around the surface of the stream an envelope of gradu¬ 
ally increasing greater capacity over that requned to 
just enclose the free shape. In the case of the proper 
conical center a gradually enlarging capacity may be 
obtained wherein the pressure from velocity is regained. 
The conical center is not essential as tests have proved 
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Shaft and Bearings 

The main shaft is usually tapered and fitted into 
the hub of the runner. The shaft is sometimes made 
with a forged sleeve at the runner end to which the 
runner is secured by means of bolts. The former is 
the preferred method of fastening the runner when 
lignum vitae bearings are used on the waterwheel, 
because by its use a renewable sleeve may be most 
cheaply and effectively applied to the shaft on which 
the bearing surfaces are caused to bear. It was for 



TO 

GOVERNOR 

actuator 


12 —Direct-Connected Flyball Governor 
F or mounting on the main shaft. 


merly the practise to make these renewable sleeves on 
the shaft of bronze, but later tests have shovm that 
rings forged from alloy steel provide surfaces of greater 
hardness and longer wear at no 

may-be argued that the steel will rust, but the modern 
hydroelectric units are so well and strongly desired 
that they are seldom out of use, therefore, the question 
of rusting of the shaft is not a factor in arriving at the 
proper decision. Lignum vitae beanngs have been used 
as illustrated in Fig. 18 for many years ^th good 
success. Where the speed is not too high and the 
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generator is located immediately above the water¬ 
wheel, the lower generator bearings may be omitted 
and the one waterwheel bearing may serve as the lower 
guide hearing of the generator as well as the guide 
bearing of the waterwheel. An interesting installation 
embodying this feature of design is that of the Cheoah 
Plant of the Aluminum Company of America, equipped 
with Allis-Chalmers generators and Allis-Chalmers 
waterwheels, and lignum vitae lower bearing. This 
plant contains three 27,000-h. p. waterwheels opera- 



Fig. 13—Special Centrifugal poNTROL Stand for Type 
No. 4 Allis-Chalmers Hydraulic Turbine Oil Pressure 
Governor Used in Connection with Flyballs Mounted 
ON THE Turbine Main Shaft below the Generator 

Used for Hydraulic Power Co., Niagara Palls. 

Vertical unit 37,500-li. p., 214-ft. head, 150-rev. per min . 

ting under a head of 180 ft. Another interesting 
plant is that of the Tallassee Power Company, at 
Badin, N. C., where an oil bearing is substituted for 
the waterwheel guide bearing and this oil bearing 
serves for the lower generator bearing as well as the 
waterwheel guide bearing. Wherever it is at all 
possible the waterwheel and generator shaft should be 
reamed together in the shops of the makers of one of 
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the shafts, the bolts fitted to the shaft ajid the whole 
shaft turned in a lathe to be sure that the shaft turns 
true, before shipment. Open-hearth steel forgings 
of the simplest composition make the best waterwheel 
shafts because the problem involved is of stiffness 
rather than strength. It is most interesting to note 



Fig. 14—View of 40,000--H. P. 421.5-Pt. Head, 257-Rev. 
PER Min. Turbines 

With integral governor and direct-connected fly balls 
and hydraucone regainer. 

that recent experiments are proving the superiority 
of the open-hearth steel shaft as against the specially 
compounded alloy materials. 

Guide Vanes 

The trend of modern designs is strongly toward 
the cast steel guide vane having stems cast integral 
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and controlled by levers and operating mechanism 
placed outside of the water. Fig. 8 shows some of 
the guide vanes for the Siskiyou Electric Light & 
Power Company, 18,000 h. p., 125 ft. 

The number of guide vanes is fixed with the same 
considerations as that fixing the runner vanes, that is. 



Pig. 15 —Showing Oil Pumi^ Gear-Deiven from Main 
Turbine Shaft 

Lignum-vitae bearing. 

120-in. diameter cast iron runner. 

17,500-11. p.—68-ft. head—100 rev. per min. 

Wateree Power Co. 

adopting only sufficient guide vanes to form smooth 
passages so that the water will be delivered to the 
runner in as nearly one uniform whirling rotation as 
possible without too many guide vanes so as to avoid 
the too great accumulated vane surface resulting in 
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friction losses. The favored number of guide vanes 
of this type seems to be twenty. The shape of the 
guide vane is that left to the individual designer. The 
writer has used the design of vane illustrated here 
many years with good success. The guide vanes are 



Fig. 16—Cross-Section of Spiral Casing Formed in thb 
Concrete with Reinforcing Bars Attached to the Speed 
Ring Flanges 

15,000-h. p., 68.5-ft. head, 112.5-rev. per min. 

controlled by links and levers to one common shift¬ 
ing ring. It is essential that some adjusting device 
be interposed between each vane and shifting ring 
whereby the vanes may be adjusted so as to prevent 
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excessive leakage in the closed position. The adjust¬ 
able feature is particularly useful when the vanes are 
sprung due to obstructions lodging between two vanes 
when closing the unit down. Breaking links inter¬ 
posed between each guide vane and the shifting ring 
are essential, and that type of link should be used which 
may be readily replaced without unwatering the turbine. 

Cast iron guide vanes, bronze bushed, such as 
shown in Fig. 9, connected by links to a shifting ring 



Fig. 17—One op Five Complete Allis-Chalmbrs Hydro¬ 
electric Units 

Each 20,000--h. p. under 75-ft. head at 100-rev. per min. 

make a very satisfactory arrangement for open flume 
settings. An adjusting means should be inserted 
between each guide vane and shifting ring as in the 
former case. 

A recent invention of plate steel guide vanes formed 
from one sheet of metal welded along one edge, has 
the advantage of having an unusually smooth sur¬ 
face, and of being easily repaired when distorted by 
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foreign substances entering the wheel. It is par¬ 
ticularly useful in low-head installations. The ideal 
control of the guide vanes and operating mechanism 



PiQ. ig—V eetical Hydeoelecteic Unit with Imbedded, 
CiECHLAE Section, Plate Steed Spieal Casing 
G overnor flybaUs mounted directly on main shaft. 


is that illustrated in Fig. 10, wherein the operating 
cylinders are fixed to the pit ring and operate directly 
through reach rods to the shifting ring. A very satis- 
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factory arrangement is that wherein the operating 
cylinder is located on the main generator floor ex¬ 
erting its effort through a vertical shaft to cranks 
and levers connection to the shifting ring as shown in 
Fig. 11. 

Governoes and Governing 

In the case of poor speed regulation the governor 
is usually charged with the failure to perform, whereas 
actually the governor itself is only one of three prob¬ 
lems entering into the governing of a waterwheel unit 
as set forth above. The function of the waterwheel 
governor in itself is the moving of the guide vanes a 



Pig. 19 11,000-H. P. Vertical-Shaft Turbine 

Stagle-runner, oast iron, spiral-cased type, 360-rev. per min., 26a-ft 
head. Supporting barrel ready for generator. 


proper amount in the proper time, and the readjust¬ 
ing of the guide vanes to the proper conditions of 
power and speed after the pressure rises produced by 
the movement of the vanes have been dissipated and 
conditions have returned to normal for that required 
power. The waterwheel governor has to perform more 
functions than any other tsrpe of governing apparatus, 
since it must move the gates to control the rise of 

pressure in the pipe line and the rise of speed caused 
by it. 
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A centrifugal flyball imparts motion to the. center . 
of a floating lever and the springs of the flyball are 
usually designed so that the governing mechanism 
is caused to operate quickly from wide open to closed 
position and vice versa when the speed has changed 
in the same time through a range of 20 per cent to 
35 per cent of normal, this percentage selected depend¬ 
ing upon the W of the revolving parts and the 
relative inertia of the water to be handled. After 
this sudden change of speed and motion of gates has 
taken place then compensation must take place to 
bring the speed back to normal. This is accomplished 
through a compensating dash pot introduced between a 
connection to the shifting ring and the end of the 
floating lever opposite that to which the regulating 
valve is connected. This dash-pot arrangement is so 
devised that for slow changes of load from no-load 
to full load the drop in speed may be zero or may be 
2 per cent for parallel operation as per adjustment of 
the governor, but for quick changes of speed the gates 
can be closed or opened only by a change of speed from 
20 per cent to 35 per cent as may be adjusted, thus 
introducing the time element, because the proper W 
will require time for the absorption of the uncontrolled 

energy. _ . ^ 

Modern hydraulic governors are so sensitive that a 
change of speed of less than of 1 per cent will se^e 
to move the gates to cause an adjustment of the guide 
vanes, and consequently the flow of water to com¬ 
pensate for the speed change. The conditions of in¬ 
ertia and W R^ introduce dangerous factors into the 
regulation of the plant. These factors are controlled 
through the time element of motion of the gates. _ This 
time element is dependent upon the reliable motion of 
the flyballs, consequently some means of reliable and 
effectively fixing the time of the flyballs with refer¬ 
ence to the speed of the unit is very desirable in plants 
having bad conditions for regulation. 

Fig. 11 shows a tjm® of self-contained governor 
which is eminently suited for low-head open-flume 
plants. The particular governors herein shown are 
self-contained, having no interconnections; they have 
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now been in operation seven years, and a recent ex¬ 
amination of the plant showed that at no time has 
it been found advisable to have interconnecting 
piping between the governors. 

Pig. 12 shows a directly connected flyball which 
has been used on a good many of the large plants. 
This type of flyball avoids the use of belts and the 
possibility of shut-down from their breakage, and 
also avoids the gears with the necessary small bearings 
on the horizontal jack-shaft. 

Fig. 13 shows the governor stand for controlling the 
gates of the 37,500- h. p. unit of the Niagara Palls 
Power Company. In this particular design the op¬ 
erating fluid is supplied from a central oiling system. 
The operating fluid is water containing a percentage 
of oil. 



Fig. 20—Cast Steel Spiral Casing 
H aving a thlcimess’of threejnclieSjtoJwithstand a head of 421.5 feet. 


Integral Governors 

The latest advance in the art is that of the integral 
governor illustrated in Pig. 14, wherein it will be noted 
that the governor motion .is imparted by flyballs 
mounted directly upon the main shaft and the opera¬ 
ting fluid is controlled by operating valves and governor 
mechanism located immediately on one of the operating 
cylinders connecting to the shifting ring directly 
through reach rods. The hand-control mechanism is 
located on the other operating cylinder. By means 
of this desi^ we come back to the accepted practise in 
steam turbines, steam and gas engine design, wherein 
the governing mechanism is an integral part of. the 
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prime mover. The waterwheel governor has so many 
functions to perform that it is necessarily complicated, 
and in the early development of the art the governors 
were made by companies separate from the waterwheel 
builders; consequently it came to be the accepted 
practise to consider the governors as a mechanism 
unto themselves. The present waterwheel governors, 
however, are so strong in design and reliable in opera¬ 
tion that they do not necessarily have to be located 
on the generator floor immediately under the control 
of the operator, particularly since the unit may be 
controlled through a small synchronizing motor from 
the switchboard. The trend is toward the further 
simplification of the governor equipment and it is 
believed by the writer that we will in time come to the 
self-contained governor with no interconnection be¬ 
tween the pressure systems of the several governors 
as is now frequently the case. Certainly the com¬ 
plicated central system with large sizes of piping 
required is not receiving the sanction of the buyers as 
much, as formerly. A step in the right direction is the 
design of the Wateree Power Company, having direct- 
connected flyballls and the prnnp which provides the 
oil pressure for operating the governor driven through 
gears from the main turbine shaft, as shown in Fig. 
15. In the case of the Mount Shasta Power Company 
the switchboard gallery is located above the main 
generator floor, and by adopting the integral governor 
the floor men are automatically placed on the turbine 
deck. 

Turbine Casing 

In low-head open-flume plants the casing is omitted 
but the walls of the .-flume are frequently shaped to 
form more or less of an open spiral so that the water 
may be directed smoothly to the runner. It is of 
prime importance that the water flowing to the guide 
vanes be kept free from eddies and whirls and as nearly 
an ideal stream flow as possible. It has been found 
and determined definitely that disturbed flow does 
increase the efficiency of a waterwheel unit, although 
the loss of head by that disturbed flow cannot be 
determined in the stream entering the unit. An 
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analogous condition to that of disturbed water flowing 
through a runner is that of water flowing over a weir. 



Fig. 21 Power House of Kerckhoff Plant of San Joaquin 
Light & Power Co, 

Containiiig three units, each 15,000-h. p., 315-ft. head, 360-rev. per min. 
Butterfly valves, pressure regulators, curved draft tubes, and direct- 
connected flyballs. 


Small eddies or cross currents in the stream flow 
approaching the^weir,^although so slowly and quietly as 
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to be practically negative, and are certainly not 
sufficient to break the surface of the water; yet they 
produce breaks and notches in the weir crest several 
inches deep, when they flow over the weir. If such 
disturbances are occasioned in the flow over a weir, 
which is accompanied by such small surface disturb¬ 
ances, how . much greater must be the action within 
the guide vanes and runner where the velocities are 
much higher, by disturbed conditions of flow in a pipe 
where the eddies and whirls may easily be many times 
that shown on the surface of the water back of the weir. 
The result of this disturbance has been definitely 
shown in the decrease of efficiency of the waterwheel. 

The spiral casing affords the best means of conveying 
the water from the pipe line or forebay to the speed 
ring placed around the guide vanes. The spiral should 
be proportioned not exactly as per the decrease of the 
water as it passes through the annular opening through 
the speed ring to the guide vanes, but the casing 
should be kept slightly larger toward its smaller end. 
Water flows around an elbow at greater velocity on 
the short radius of the elbow than on the long radius 
of the elbow, and consequently, this higher velocity 
on the inner radius of flow is very much accentuated 
since the angle of flow is through 360 deg. in the 
spiral casing instead of 90 deg. in case of the elbow, 
consequently, as the velocity is increased on the inner 
portion of the spiral casing, the area of the spiral 
should be increased so as to reduce, if possible, the 
average velocity and consequently maintain the 
velocity at the inner radius of the spiral a,s nearly a 
uniform velocity around the casing as possible. 

Concrete spiral casings of rectangular cross-sections 
have been used in many plants with success, but the 
present trend in this connection is toward concrete 
spiral casings having circular cross-sections, with 
reinforcing rods in the concrete around this circular 
section, with either end of the reinforcing rod secured 
to the flanges of the speed ring. A concrete spiral 
of this type is illustrated by Fig. 16. Concrete 
spiral casings are suitable for heads up to 70 feet or 
80 feet only when the superstructure of the power 
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house is imposed on top of the spiral casing to avoid 
the tension in the reinforcing rods and in the concrete. 

A good design of power house, adopting concrete 
spiral casing reinforced in the manner above mentioned, 
combined with a section of the dam, is illustrated in 
Fig. 17. In this design the overturning force of the 
water against the upstream face of the dam is trans¬ 
mitted through the concrete to the top of the spiral 
casing and reacts to resist the upward forces produced 
by the pressure within the spiral casing. Fig. 18 
shows a plate steel circular section spiral casing in- 



la. 22 —Shop Assembly op 15,000-H. P. Turbine Unit 
315-ft. head, 360-rev, per min. 

84-in. butterfly valve, pressure regulator, and regulating cylinders. 


stalled at the Lookout Shoals Plant of the Southern 
Power Company. The head obtained at this plant 
is 80 feet. This type of casing has been used very 
extensively during the last eight years on heads varying 
from 30 feet up to 215 feet. In the latter case the 
diameter of the inlet to the spiral casing was 11 feet 
and the thickness of the plate at this diameter was 
"j/s inch. Larger casings with heavier plates aTe being 
contemplated for similar heads. The advantage of 
this casing is its cheapness in first cost, its resistance 
to sudden shocks and its ease of transportation. 
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Cast iron spiral casings are frequently employed, 
such as are illustrated in Fig. 19. This casing is made 
in two parts and the unit develops 11,000 horse power 
under 258 feet head at 360 rev. per min. 

The cast steel spiral casing illustrated in Fig. 20, 
being built for the Mt. Shasta Power Corporation, 
embodies the latest improvements in high-head spiral 
casings. The waterwheel is equipped with twenty 
guide vanes, the casing has ten speed vane ribs, and the 
casing is divided naturally into five sections each with 
two speed vane ribs. The ribs are cast integral with 
the casing. Special provisions were used in preventing 
casting strains in the making of these castings. Each 
of the speed vanes are of a definite design decreasing 
in size around toward the small end Of the casing and 
varying in angular relation to the casing to accommo¬ 
date each particular speed vane to the flow of the water 
at that point. 

There is no hard and fast line fixing the use of one 
type or the other of spiral casings but, usually, the 
configuration of the ground surface at the location of 
the plant determines the particular type of develop¬ 
ment best suited for the maximum development of 
efficiency, taking into consideration economy of con¬ 
struction. 


. Vertical vs. Horizontal Units 

The trend of modern design is toward larger and 
larger units and toward designs which will give maa- 
mum amount of power from the energy of the water 
available. This naturally leads to the single-runner, 
vertical unit because, as pointed out, the larger the 
waterwheel and generator, the more 
are the economical speeds of the two. The larger the 
waterwheel runner, the more difficult it is to place the 
runner with the shaft in horizontal position. The 
higher the specific speed of the runner, the 
the energy in the discharged water; consequently, the 
more important it is to adopt a regaining device which 
will return the maximum amount of that energy to the 
runner for effective development of power. 
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Control Valves 

A recent invention comprising snap rings disposed 
around the periphery of the disk of butterfly valves 
provides a means of making this type of valve sub¬ 
stantially water-tight. This should bring this ts^ie 
of valve into more general use because of its great 
simplicity and reliability in operation. 

Fig. 22 shows the butterfly valve constructed for 
the Kerckhoff Plant of the San Joaquin Light & Power 
Corporation, having a diameter of 84 inches and 
operating under a head of 315 feet. Note the 
simplicity of a valve of this type, and the small 
obstruction which the open wicket causes to the flow 
of the water through it. 



50 60 70 80 90 100 

PERCENT FULL LOAD (37,500HP,) 


Fig. 23—Curve Showing Combined Efficiency of Allis- 
Chalmers TurbinIb and Generator 
37,500-h. p., 214-ft. head, 150-rev. per min. 


Power House Setting 

It is really a misnomer to say modem power house 
setting, because each power development requires a 
setting peculiar to it^ location, and that setting is 
modem only when there is brought to bear in its 
design experience gained on other power plants. One 
t 3 q)e of development, if we may call it such, is that 
exemplified in the Wateree Plant of the Southern 
Power Company, wherein the power house is made a 
part of the dam. At this location there was sufficient 
vwdth m the river to place the power house as a part 
of the dam and thereby save expense. Another loca¬ 
tion of apparently similar conditions might necessitate 
a spillway of the full width from bank to bank which 
would force the development of possibly a new type of 
power house or the best of the existing tjTpes of power 
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The best power house setting can only be obtained 
loy a careful analysis of all the factors, the aim being, 
always, to produce a plant which wUl after years of 
^^peration prove the least expensive, considering not 
only the original investment, but the operating and 
^depreciation charges. 
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Discussion on “Hydroelectric Developments at 
Niagara Falls” (Harper and Johnson), and 
Modern Developments in Water Wheels” 
(White), Salt Lake City, Utah, June 21, 1921. 

^ like to ask Mr. White if 

Dot he plotted th^e curves between specific speed and 
head, he found that the specific speeds of modern 
Luropean built runners were not a little higher than 
those used in this country, and if so would he attribute 
of design or simply to commercial 
reasons, i. e., to a willingness to accept a more rapid 
deterioration of the runner with a corresponding 
lowering of efficiency thus necessitating frequent 
replacements of runners but effecting a saving in first 
cost instead of using a more expensive unit of lower 

^ l^l^ker maintained 
^ ^^Quire less maintenance. 

On page 944 the author has 
dmded draft tubes into three classes, straight conical 
tubes curved draft tubes, hydraucone regainers. I 

author 

Se L * ' conical center is not essential as 

tests have proven that substantially the same results 
have been secured by the omission of ths cS 
center even in regainers having the upper walls es- 
pecially designed with reference to the cone center 
reSed^to^^S conclusion results from the experiments 

RSer e ^' P?per “The Hydraucone 

negainer etc. These expenments were made on 

models of the draft tubes alone under conditions of 
no whirl, whereas tests made in the laboratory on a 

showed that with a runner of 
83 specific speed equipped with a spreading type draft 
tube, removal of the central cone resulted in a dron 
in maximum efficiency of 2^ per cent S a droJ ffi 
maximum power of 9 per cent. The hydraucone 
involves the principle of a jet impinging SJst a 
arf certain pf the central stream elements 

u ^PP™^n^ately zero velocity and then 
accelerated ^ter impingment, whereas in the snreadine- 
tube no such principle is involved and thereTat all 
pomts a constant md gradual decrease in velocity. 

development at Niagara Palls 

Messrs. Harper and Johnson's 
paper was unique in certain particulars, viz ■ the calling 

nut nnf before any specifications were 

put out, and in emphasizing machinery of the hivhp<!t 

onsideration. There is, nothing that is more satis- 
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factory to the electrical engineering profession than 
that attitude on the part of the purchaser. 

Mr. White's paper presented arguments with refer¬ 
ence to speed in such a way as to cause the impression 
that this installation at Niagara Falls, consisting of 
32,500-kv-a. generators, at 150 revolutions, was both 
the most efficient and the least costly unit of that 
.size. Now, I am inclined to think that it would not 
be possible to design or build a generator of higher 
efficiency than the one at Niagara Falls, L e., a generator 
of 32,500-kv-a. and 12,000 volts that would have 
higher efficiency than the 98 per cent mentioned in 
Mr. Johnson's paper, but I am very sure that generators 
at higher speed having practically the same character¬ 
istics with exception of efficiency would cost less. 

E. M. Breed: On page 903 of the Johnson paper we 
read, ''A renewable ring is provided in the draft 
tube just below the runner, and the upper section of 
the draft tube is furnished with manholes for in¬ 
spection of tube and runner discharge." 

A study of the rather small scale drawing of the unit 
fails to indicate the construction at this point and I 
would ask Mr. Johnson whether the design includes 
provision for removing the runner from below when 
necessary to replace wearing rings or install a new 
runner; or does the generator and upper turbine ring 
casing cover have to be dismantled to remove the 
runner. As there is an unfortunate human tendency 
to delay such replacement from month to month 
wherever it requires a* considerable expenditure of 
time and effort to make the change, and as the efficiency 
of such units decreases rapidly when wear develops at 
the clearance rings, there is often a considerable loss 
in power output and revenue unless provision is made 
to accomplish such change easily. 

Also, on page 903 of this paper, it states in reference 
to the type of draft tube design used; /‘This results in 
higher efficiency than the old type of curved draft 
tube, which does not regain the whirl. The spreading 
tube also eliminates surging and water hammer, which 
so often occur with curved draft tubes." “By the use 
of the hydraucone or spreading draft tube about 80 
per cent of the velocity head in the discharge is re¬ 
covered, whereas with The old type of curved draft 
tube a large proportion of this velocity head is always 
lost." 

This statement is very general—no limitations or 
exceptions being given. It was manifestly made in 
connection with the 37,500-h, p. turbines being des¬ 
cribed, but as the statement that the use of the old 
type of curved draft tube always involves the loss of 
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a large proportion of the velocity head is applicable 
only to certain types of turbine runners and certain 
kinds of turbine settings a brief discussion of this 
feature will be of interest. The function of the dratt 
tube is to provide a closed passage between the runner 
and the tailwater of such a shape as to permit of toris- 
forming the energy in the form of velocity head dis¬ 
charged from the runner into energy in the form ot 
pressure head. This velocity head existing m tne 
discharge' from a high specifife speed (low head) type 
runner is at all gates composed of an axial conyonent 
and a whirl component and the form of draft tdbe 
known as the spreading type or hydraucone has been 
developed to more efficiently regain the energy of the 
whirl component. However, the discharge from a 
properly designed low specific speed reaction runner 
(high head type) and from a medium specific speed 
runner at all except the small gate openings does not 
contain a whirl component of the velocity head and tor 
such installations the straight conical type dratt 
tube with small angle of ditfusion and elbow discharge 
is highly efficient and' has given entire satisfaction in a 
great many installations. ^ I will, in connection with 
my discussion of Mr. White's paper refer to a plant 
where this type of draft tube has been installed to 
handle the discharge from two 25 ,000-h. p. turbines 
and on recent tests the draft tubes showed a very 

high efficiency. • . u 

There is also another interesting consideration to be 
noted in connection with the ^ choice of draft tube 
type, and that is the economic values. There is a 
considerable range of hydraulic development involving 
the use of runners bordering on the low head type or in 
between the low head and medium head type where 
the draft head being only a small per cent of the total 
head it is questionable whether any measurable gam 
in overall efficiency of the hydraulic prime mover can 
be obtained by the use of the hydraucone type of draft 
tube and there is a very considerable probability that 
the use of the hydraucone type will considerably 
increase the first cost of the substructure and in fact 
of the entire powex house, not only due to the much 
more involved and difficult nature of the concrete 
work in the foundations of the unit, but also in the 
increased diniensions of the power house due to the 
shape and horizontal dimensions of the hydraucone. 

Mr. L. F. Harza, of Chicago, in discussion of paper 
by Mr. Forrest Nagler at the December, 1919 meeting 
of the A. S. M. E. at Chicago, advised that in a power 
station designed by him, it was found the estimated 
cost of the substructure and superstructure was 
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increased by nearly 50 per cent in using the hydraucone. 

Also, in an article published in the September 
23rd, 1920 issue of the Eng neering News Record 
by Mr. Louis S. Bernstein, Designing Engineer, 
Niagara Falls Power Company, it is stated that in the 
use of the hydraucone type of dp.ft tube, the 'Troblem 
of supporting the unit becomes more complicated; 
in special cases, where the turbine and generator are 
of extreme size and weight, special provision must be 
made to take care of the vibration of the machine as 
well as the superimposed loads.’' He describes in 
considerable detail, the extra heavy reinforcing of the 
concrete foundations considered necessary. 

It would, therefore, appear that in these installations 
where the advantages to be gained by the use of the 
hydraucone type are questionable, careful consideration 
should be given to the extra cost involved in the use 
of the hydraucone. 

Mr. White is to be complimented on the compre¬ 
hensive manner in which he has covered the subject 
of modern turbine development. The^ question of 
low head turbine design and high specific speeds is 
very much to the front these days, especially in the 
East where large low head developments predominate. 
In the West, however, where^ constant advance in 
long distance power transmission enables us to get 
farther and farther back into the mountains, the sub¬ 
ject of high head turbine design is of considerable 
importance. 

The interest shown in the 800-ft. head reaction 
turbines recently designed and rnanufactured by the 
company with which the speaker is connected, and the 
fact that some articles have appeared in the technical 
press giving a rather imperfect or even incorrect idea 
of these units may possibly warrant a brief description 
of some of the features of these turbines. 

These turbines, of which two constitute the complete 
development of the Kern River No. 3 Plant of the 
Southern California Edison Company, are vertical 
units having a capacity of 25,000 h. p. 

800-ft, effective head, and at a speed of either 500 or 600 
rev. per min. As this is, by a considerable margin, 
the highest head under which reaction turbines have 
ever been designed to operate, a most careful study of 
the entire problem was made. ’ . 

The power water, which is taken from Kern River 
about 12 miles above the plant and conveyed to the 
forebay by flume and tunnel, is delivered to the tim- 
bines by individual lap-welded steel penstocks 2500 
ft. long, reducing in diameter from 72 in. at the upper 
end to 60 in. at the turbine., 
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No storage is available at this development and at 
certain seasons of the year the flow is less than is 
required for both turbines at full load. As it will be 
frequently necessary at this period to deliver power 
from one of the units into the 60-cycle system and from 
the other into the 50-cycle system the governors have 
been so designed together with certain special inter¬ 
connecting mechanism that when one turbine is regu¬ 
lating under fluctuating load on the 60-cycle system 
the other turbine will automatically take on or reject 
load in inverse proportion, thus maintaining the water 
level in the forebay within narrow limits and insuring 
the most efficient utilization of all the water available. 

The turbines are designed to permit of the use of 
interchangeable runners for either 500 or 600 rev. per 
min. thus permitting of delivering power to either the 
50-cycle or 60-cycle system of the company. The 
lower casing cover and upper part of the draft tube 
are of a special patented design developed by the 
manufacturer to permit of easily and quickly removing 
and replacing the runner from below without dis¬ 
turbing the generator or the gate mechanism on the 
top or bottom sides of the turbine. It is interesting 
to note in this connection that a complete change of 
runners has been made in 20 hours, with a green crew. 
This covers full time from taking unit off the line until 
it was ready to put into service again. 

The runners are of bronze and provided with rolled 
steel clearance rings so designed and located as not 
only to reduce to a minimum the leakage by the runner 
but to produce a very considerable uplift force thus 
reducing the load on the supporting thrust bearing 
mounted on the top of the generator. 

The wicket gates are of hydraulic press forged steel 
with spindles extending through both the upper and 
lower ring casing covers and provided with independent 
lubrication from each end. The shop work on these 
gates was so accurate as to reduce the leakage when 
closed to an amount such that a back pressure of 150 
pounds is built up in the casing through a 4-in. by-pass 
before opening the Johnson valve. 

The governors are designed to easily make a full 
stroke in 2^/^ seconds and the speed regulation 
characteristics of the units are extremely good, showing 
on test speed fluctuations considerably below those 
guaranteed. The speed rise with 22,800 h. p. thrown 
off was 17 per cent. 

The governor operated relief valves are of 100 j^er 
cent capacity designed for automatic water economiz¬ 
ing and.during test were adjusted to limit the pressure 
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rise for full load rejection to from 10 per cent to 12 
‘per cent. 

Very careful efficiency tests have been made on these 
turbines, the water quantity being measured ^ by 
venturi meters in the penstocks. The results obtained 
are highly satisfactory, particularly when the high head 
is considered, the efficiency being some IH 
above guarantees and showing a maximum at ab 9 ut 
22,000 h. p. The efficiency curve is very flat, being 
above 90 per cent over a range of 7000 h. p. 

A few words in regard to the draft tube will be of 
interest. The specific speed of the 500 rev. per min. 
runner is 18.6 and of the 600 rev. per min. runner is 
22.3. A straight draft tube with small angle of diffusion 
and elbow discharge has been used and no evidence of 
noise or draft disturbance is present. The normal 
distance between center line of runner and tail water 
level is 10 ft. and the conversion of velocity head to 
pressure head is equivalent to about 17 feet, the draft 
tube having an efficiency of slightly above 80 per cent. 
Readings of the calibrated vacuum gages^ checked 
against known data of runner design indicate the 
correctness of these figures. 

J. A. Johnson: In regard to the question ot re¬ 
moving the runner from below. This was very seri¬ 
ously considered in the design and it did not appear 
from consideration of conditions ^ at Niagara Falls 
that the provisions would be justified. In the first 
place the narrow space between the high bank and the 
river for the facilities which it was necessary to pro¬ 
vide, including a channel for the reclaiming of the 
water for possible future use in the second stage ot the 
development, limited very closely the width ot the 
power house. The necessary passages below the wh^i 
casings would also have been very difficult to 
in view of the type of draft tubes employed. As the 
wheels were expected to operate at a very etticient 
point with almost entire absence of pitting, it did not 
appear that the complicated provisions dor 
the runner from below would be justified, it is ot 
course some labor to dismantle the generator but these 
wheels have overload capacity so that when the P^^^t 
is completed the other units will be able to absorb the 
load of any one for a short time without injury so that 
it would not necessarily mean a reduction in ouput 
during the time when the generator would be out tem¬ 
porarily for replacing the runner. ; 

In regard to the economic justification for the spread- 
ing type of draft tube; first as to the relative merits 
of the spreading draft tube and the straight type, it 
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was not our intention in any way to claim that the 
spreading or hydraucone type draft tube was inherently 
superior to the straight draft tube if the latter is made 
sufficiently long but the water passages were so great 
and the distance between units and other conditions 
such that the depth of excavation necessary for a straight 
draft tube was entirely out of the question. The reason 
for the spreading type as opposed to the curved type 
was the increased efficiency gained thereby. I do 
not know if you people in the West have been closely 
enough m touch with the Niagara situation to realize 
it but it is a fact that in the East what goes on at N agara 
is always closely watched by engineers and public 
alike, and consequently it is always necessary for us_ to 
err, if at all, a little bit on the side of safety, on the side 
of efficiency, rather than on the other side. The use 
of the more efficient spreading type of draft tube or 
hydraucone was justified on these grounds if on no 
others. 

W. M. White; _ I want to say that Mr. Foster is 
probably right in his statement that it would have cost 
his company less to make that Niagara generator of 
a higher speed. In our case our decision was based on 
consideration of the entire unit, our conclusion being 
that the lower_ speed .incurred no loss of generator 
efficiency and little or no extra expense, and at the 
same time gave considerably better efficiency and 
greater life of runner. The final combined efficiency 
result testifies to the correctness of our judgment. 

With reference to the specific speed of the runner 
and the question of pitting brought up by Mr. Pragst, 
it may be occasionally economical to go to higher 
speeds and renew the runner when it has pitted, but 
the saving in first cost has to be balanced against the 
probable loss due to interruption of service and cost 
of new parts. Mr. PragSt is correct that European 
builders go to higher speeds under high heads but 
their tendency to do so is most decidedly due to com- 
merical reasons and due to catering to an export 
trade rather than to building apparatus which will 
have the longest life and that will result in the greatest 
economy to the owner. 

My simple reference to the hydraucone has been used 
by .ixiy competitors as furnishing an opportunity to 
criticize it. Experiments on the_ hydraucone began in 
1913. These experiments, which were conducted 
personally and privately for sometime, extended over 
three years resulting in the hydraucone or spreading 
draft tube which are one and the same, identical, 
spreading the water out into a concentric passage and 
discharging in a radially outward direction. 
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The Niagara Falls letting brought together at Ni¬ 
agara Falls Mr. Foster of the General Electric Company, 
Mr. Williamson of our company, the engineers of the 
I. P. Morris Company, and the writer, other companies 
not being asked to bid. At that meeting we brought 
the hydraucone to the attention of the engineers ot 
the Niagara Falls Company and told them we had 
something new we wanted them to investigate, they 
stated that they would take it under advisement. 

Prior to the next conference on the subject oui 
petitors had advised the Niagara engineers that they 
could supply the same diffusion efficiency with a curved 
draft tube, that is, 80 per cent. This is a matter oi 
record in Mr. Shepard^s paper. Each of the companies 
was asked to present a model for securing the maximuni 
possible efficiency. These were tested not hj ^ 
by the engineers of the Niagara Falls Power Company. 
These tests showed at once that the curved tube was 
just as we had stated it would be and that its sfficie cy 
was such that it was not to be considered fo^ J^e de¬ 
velopment in question because at Niagara Falls it is 
important that every possible ounce of power gotten 
out of eyery cubic foot of water. The Moody spreading 
X whSh was developed for 
after many failures of curved draft 
to the one which we had over Aj®, 

Shepard the hydraulic en^neef of the Niagara Falls 
Power Company, was in charge of all of 
His work on the Moody tube showed vervthwougMy 
when they took the cone out of it the efficiency was 
no less. Mr; Moody has pointed out that these ex 
periments were made on models of draft tubes recemg 
water under the conditions of ^o whirl That i^^ 
and the results are all the more 

as the contrast between any form of tube and a ^vea 
or elbow type of tube is grea% jfe S 

whirl is used in the test. This is due to the fag tgt 
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was changed to give the proper velocity conditions. 
This led to a large reduction in the size of the center 
cone and for the majority of conditions to a complete 
elimination of it and to the substitution of a surface 
approximately flat. 

^ The straight draft^ tube will give just as good effi¬ 
ciency if you can get it long enough, but no power plant 
owner can afford to go down into the foundations 
fifty feet or more and secure proportions which will 
give economical discharge velocities and efficiencies 
corresponding to those obta nable with a hydraucone 
or spreading draft tube. It is possible on high head 
runners which have a low discharge velocity to secure 
a sufficiently long straight conical draft tube combined 
with an elbow bend to so reduce the velocities and con¬ 
sequently the energy contained in the discharge as 
to make curved tubes show high power plant efficiencies 
under such conditions. This does not indicate that 
even higher efficiencies could not have been obtained 
with a concentric tube, and is not at all an indication 
that efficient diffusion can be obtained with a curved 
draft tube. It simply ‘ indicates that the discharge 
energy is so far reduced before the elbow comes into 
action that its detrimental effect is not sufficiently 
great to prohibitively reduce the efficiency. The 
lower the specific speed of the runner the more immeasur¬ 
able is the detrimental effect of a poor draft tube until 
in the extreme case of the impulse wheel draft tubes 
are omitted entirely. 

^ This I believe contains the explanation for the result 
cited by Mr. Breed. One of his statements, however, 
to the effect that a low or a medium specific speed 
runner discharges without whirl at all except the small 
gate openings is not correc . Any runner can have 
but a single gate opening at which the discharge from 
it is free from a whirl component. A simple study 
of velocity diagrams will prove this point conclusively. 
Mr. Breed's conclusion that an elbow discharge on such 
runners gives good results because of such elimination 
of whirl is entirely wrong. I have endeavored to give 
the real explanation above. If Mr. Breed had made a 
pitot traverse showing the velocity and direction of 
the water leaving a low specific speed runner he would 
not have made such a statement. There are undoub¬ 
tedly developments involving the use of low head or 
maximum type of runners where it is uneconomical 
to make use of the hydraucone for the reason cited by 
Mr. Breed. It should be remembered, however, that 
the power house cost is usually but a very smalb per¬ 
centage of the total cost of any hydraulic development, 
and a slight increase or decrease in the cost of the item 
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becomes almost inappreciable when contrasted to 
the entire cost of the work. Each percentage gain in 
efficiency, however, means return on the entire in¬ 
vestment and there are numerous cases where a gain 
of 2 to 6 per cent in kilowatt hours output has justified 
a fraction of 1 per cent increase in the initial cost of 
the entire project. This is indicated by the fact that 
to date hydraucones have been installed on water 
wheels totaling over 265,000 h. p. capacity. 

The runners at Niagara Falls cannot be removed 
without dismantling the generators because it was not 
considered advisable to make that provision and they 
decided against it. 
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LONG-DISTANCE TRANSMISSION OF 
ELECTRIC ENERGY 


BY L. E. IMLAY 

of the Superpower Survey, New York, N. Y. 


Abstract of Paper 

The paper discusses long-distance transmission of 
electric energy dealing with (1) the economic conditions 
which justify it, (2) the plant involved, and (3) the 
service that may be expected. 

The economic conditions which justify long-distance 
transmission of electric energy are a cheap source ot 
power with an insufficient local demand to absimb it, 
and a distant market to which the energy can be de¬ 
livered cheaper than energy can be supplied at that 
point from any other source. ^ 

In dealing with the plant required for long-dist^ee 
transmission some of the considerations that attect 
the design are discussed. A graphic method ot deter¬ 
mining line performance is illustrated by an example, 
and some essential data on other Imes are 
Among the important physical considerations entering 
into transnaission line design, right of w^ay, spacing ot 
towers, line insulators, high-tension switches and 
lightning arresters are discussed. ^ • x c ^ 1 , 0 + 

Service is considered from tlie viewpomts of, what 
people demand, what perfect se^ce wiU cost, and tbe 
iermce that may be eS^pected from a large intercon¬ 
nected system consisting of steam 
hydro plants wherever available and local steam plants. 

I T IS PROPOSED in this paper to discuss long¬ 
distance transmission of electric energy from_ three 
standpoints. First, from the economic Po^t of 
view, by consideration of the conditions which justify 
long-distance transmission. Second, from the physica 
viewpoint, by dealing with the desig^ construction 
and operation of long-distance lines. _ Third, from the 
point of view of service, by consideration of the factors, 
contributing to continuity of semce and 
the people served. This discussion is to some extent 
based on studies which have recently been made in the 

975 










976 


L. IMLAY 


[June 22 


development of a superpower system, for the industrial 
district along the Atlantic seaboard. 

The Economic Justification for Long-Distance 
Transmission 

The laws governing the distribution of electric 
energy under ordinary conditions, losses involved and 
the various items entering into distribution costs, are 
fairly well-known. However, when large amounts of 
electric energy are to be transmitted over long distances 
the problem is greatly complicated by factors which 
do not appear, or are negligible in the ordinary dis¬ 
tribution of energy. In every power' transmission 
problem the question to be answered is: Can energy 
be generated and transmitted to the point where it is 
needed, more cheaply than it can be generated at the 
point of demand? 

The two available sources of power at the present 
time are expansive force of steam and the energy of 
water acting from force of gravity. In addition to 
these we have various forms of chemical energy, energy 
from internal combustion engines, the mercury vapor 
engine, energy from the winds and tides and heat 
energy from the sun, but the application of these as 
prime movers to the generation of millions of kw-hr. 
for general distribution appears to be remote. 

The point at which energy can be developed by 
water power is located for us by nature and we must 
make what we can of it. A power plant located at a 
waterfall is rarely in an industrial community or where 
an industrial community may be developed. There 
are exceptions to this as at Niagara Falls, but in general 
waterfalls are in out of the way places and their use 
for power development must either await a local 
demand, after factories or electrochemical works are 
built, or the energy must be transmitted to already 
developed communities where there is demand for it. 
The problem is whether it will pay to develop it at all, 
and if this is answered in affirmative whether it will 
pay better to use the energy nearby or to transmit it 
to a distant market. 

Electric energy by whatever source of power it may 
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be generated should be used in such manner as to supply 
the economic needs of the country at maximum ef¬ 
ficiency. This in general means that hydroelectric 
energy generated at waterfalls away from centers of 

industry and steam-electric ener^ ".ISrs of 

coal mines must be transmitted to distant centos 
demand in order to find a market; but if a demand 
should exist near the place where the 
then that demand must be supplied 
residue, if any, transmitted to the more distant P * 
This statement should be qualified by the proviso tha 
the local demand for energy be such that the econom 
needrof the country be supplied by that m^ns more 
cheaply than in any other way . For example, energy 
generated by water power at Niagara Falls 
used at that point for the manufacture of chemicals 
needed by all the people of the country and which can 
be manufactured and marketed from there more 
cheaply than anywhere else, rather than sent to New 
?ork with the atSidant loss^ and cost of transmi^on 
Niagara Falls energy should not be used ]ocally fo 
heating dwelling houses and factories, even if ^he pro¬ 
ducers could furnish it for this purpose, at a profit to 
ftemselves, as houses can be heated 
in some other way. If such use were the only local 
means of absorbing Niagara energy, then such ener^ 
should be sent to a more distant market where it would 
serve a better purpose. Furthermore, Niagara energy 
should not be sent to more distant points so long as 
there is a demand for it in Buffalo, or ^ 

If however, hydroelectric energy can be developed 
at Niagara Falls faster than it can be absorbed^ in the 
surrounding territory, it would be in order to build 
transmission lines to convey the excess energy even as 
far as New York provided it can be sold at a price which 
would permit the amortization of transmission 

plant while the local demand is being built up. Thu 
5 governmental peimission could be obtamed ta divert 
water from the Niagara River for generation of 600 000 
kw. it is quite within economic possibility tha,t a block 
of 300,000 kw. could be transmitted to New York and 
sold at a price which would net a profit to the promoters 
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and provide an adequate sinking fund to retire the 
investment in transmission equipment. The reason 
such expenditure can be justified is that energy in 
bulk is worth about three times as much in New York 
as it is worth in Niagara Falls. 

There are many places where electric energy may be 
generated from water power where there is locally 
no present or prospective demand for it. Such loca¬ 
tions in the eastern states where large amounts of un¬ 
developed energy may be obtained are the St. Lawrence 
River, the rivers of the Adirondack Mountains, and 
the rivers of Maine. The question here is: Can 
these developments be made and the energy trans¬ 
mitted to any existing, or prospective markets, cheaper 
than a like amount of energy can be generated at the 
point where the demand exists, or developed and trans¬ 
mitted to that point from any other source? The 
competing source of energy will probably be steam- 
electric energy generated locally or at the mines. 

In the case of long-distance transmission of energy 
from steam plants the same law holds good, that such 
energy should be used as near the point where it is 
generated as possible, provided the needs of the country 
are thereby supplied more cheaply than in any other 
way. If, for instance, there should be found an eco¬ 
nomic demand in the anthracite region of Pennsyl¬ 
vania for all the energy that can be generated in that re¬ 
gion, due to limitation in supply of condensing water or 
steam sizes of coal, or to any other cause, then such 
energy should all be used in the anthracite region. In 
any case only the residue, after supplying the local 
needs, should be transmitted to distant centers of 
demand. The anthracite mines are very deep and 
require much energy for pumping ventilation and for 
haulage. In this region it requires 20 kw-hr. of energy 
to mine and place on the cars one ton of coal. When 
all the mines are electrified as they probably’will be 
within the next few years, the 80,000,000 tons of cOal 
mined per annum will require 1,600,000,000 kw-hr. 
of energy at a demand rate of about 400,000 kw. The 
railroads in the anthracite region will doubtless soon 
have to be electrified on account of the heavy tonnage 
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and the steep grades. This territory is also develop¬ 
ing a large miscellaneous industrial load. It is esti¬ 
mated that approximately 800,000 kw. will be required 
to supply the total demand for electric energy in this 
region within the next ten years. All this demand 
will have to be satisfied, before energy is sent from 
this region to distant markets. 

There are limitations in generating power in the an¬ 
thracite region due to the amount of condensing water 
and steam sizes of coal which are available. If, however, 
highly efficient generating plants are built to supply 
the 800,000 kw. needed for the local demand, con¬ 
siderable off peak power will be available for trans¬ 
mission to such load centers as New York and Phila¬ 
delphia. There is also considerable diversity of load 
between these centers as the peak of the load in the 
Metropolitan District does not come on until a large 
part of the load in the anthracite region has gone off. 

In the bituminous fields of the Appalachian region 
the conditions are very different from the conditions 
in the anthracite field. Very little shaft mining is 
done and consequently very little energy is needed 
for pumping water or hoisting. This condition will 
exist for some years until deep level mining becomes 
necessary. Eighty per cent of the bituminous mines 
are already electrified—the principal use of energy being 
for mine haulage. Therefore, almost all the energy 
which can be generated at the bituminous mines is 
available for distant markets. 

Unfortunately there are few locations near the mines 
within reasonable transmission distances of load centers 
along the Atlantic seaboard where steam plants can 
be located convenient to coal supply and where there 
is ample condensing water. Investigation shows that 
there is no location within 300 miles of New York City 
where both coal and water can be found for a 100,000- 
kw. high-efficiency steam plant without the necessity 
of transporting coal from 10 to 50 miles by railroad. 
Therefore, quite an appreciable freight charge is in¬ 
volved even for such plants. 

The cost of gathering coal from the mines and de¬ 
livering it to the power plant which must be located 
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where condensing water is available, has a very im¬ 
portant bearing on the general problem of transmission 
of electrical energy from the coal mines. In order 
to justify the transmission it is necessary to show 
that the value of the energy lost plus the fixed charges 
on the cost of the transmission plant is less than the 
net cost of freight on coal required to generate the 
same amount of energy at the point of use. 

In view of what has been said the economic justi¬ 
fication for long-distance transmission of energy may 
be stated as follows: In the case of all energy generated, 
either steam-electric or hydroelectric, after the local 
demand has been satisfied, the residue may be trans¬ 
mitted to distant centers of demand when it can be 
delivered naore cheaply than the energy can be supplied 
at that point from any other source. 

Loijg-Distance Transmission Lines 

It is not the purpose of this paper to show how to 
design high-tension transmission lines, nor how to 
calculate the performance of these lines, but to point 
out some of the considerations that must be taken 
into account and to give some typical examples of 
design and line performance that have been worked out. 

A transmission line should be capable of transmit¬ 
ting the amount of energy for which it is designed at 
minimum cost. Kelvin’s law may be used in the design 
of high-tension lines by including in the investment 
the cost of other apparatus which varies for the dif¬ 
ferent sizes of conductors compared, as for example, 
towers, insulators, transformers, synchronous condens¬ 
ers, switch equipment, etc., the interest and deprecia¬ 
tion on which shall equal the value of the energy lost. 
The law, however, must be applied with the reservation 
that corona must not be the limiting factor. The 
design of long-distance lines differs from the design 
of ordinary circuits for carrying electric energy in that 
certain factors must be taken into account that may 
usually be neglected. Corona, reactance and Capaci¬ 
tance are each factors that have to be carefully reckoned 
with. Each of these characteristics present definite 
limitations which are susceptible of accurate deter¬ 
mination in advance. These same limiting charac- 
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teristics are useful in the operation of the line and may¬ 
be regarded as making long-distance transmission 
of electricity possible. 

Corona becomes a serious limitation to long-distance 
transmission at high voltage. There is a critical 
disruptive voltage for each size of cable, depending on 
the spacing and arrangement of conductors, the eleva¬ 
tion above sea level and the meteorological condition 
of the atmosphere. Rain, fog, and particularly falling 
snow increase the tendency for energy to discharge 
from the conductors and lowers the critical voltage. 

Thus for a particular voltage, elevation and climatic 
condition, there is a definite lower limit to the size of 
conductor that can be used irrespective of whether this 
is the most economical section so far as cost balanced 
against losses is concerned. It may easily happen 
in a particular instance that diameter in transmission 
conductor is more important than conductivity and 
this may determine the material of which the cable is 
composed or the manner in which it is made. In¬ 
crease in diameter may be obtained by using aluminum 
or copper cable with steel core. Corona, however, 
has at least one redeeming quality in that it doubtless 
assists materially in dissipating induced high-frequency 
charges on the line that otherwise would be destructive 
to insulation of line, transformers and switches. 

Reactance limits the amount of energy that can be 
transmitted over a given line. It varies with the size, 
arrangement and spacing of the conductors and the 
reactance volts vary with the current to be transmitted. 
With a particular line and a definite amount of energy 
to be transmitted the reactance voltage drop to be 
dealt with is decreased by increasing the voltage. 
Where reactance is the factor limiting the amount of 
energy that can be transmitted over a given line the 
. only way to increase the amount of energy that can 
be transmitted is to increase the voltage. This in 
turn may be limited by corona unless the diameter 
‘of the cable is increased. Increase in size and conse¬ 
quent cost of conductors for a particular transmission 
has a definite limit depending on the cost of producing 
energy in some other way at the point of destination. 
Reactance is useful, in that it limits the current that 
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can flow in case of short circuit. It thus prevents 
destruction of the windings of transformers from ex¬ 
cessive mechanical strains and makes it possible for 
switches to open the circuit during short circuits by 
limiting the flow of current to an amount that can be 
successfully broken. 

It may be mentioned here that by an arrangement 
of divided conductors, two cables being suspended from 
one insulator a few inches apart and used as a single 
conductor—the reactance of the line may be greatly 
reduced and its capacity proportionally increased. 
Ihis will enable the line to transmit a much greater 
amount of energy without increasing the synchronous 
condenser capacity necessary to regulate it, or con¬ 
versely if the amount of energy is not increased less 
synchronous condenser capacity will be required. This 
advantage is obtained without increase in weight 
of copper and change in resistance of conductors. The 
following illustrates the effect of thus dividing the 
conductors: 


Single Conductors Divided Conductors 

350 miles 350 miles 

-605.000 cir. mils (2)—302,500 cir. mils 


Length of line 

Size of conductor... ( 1 )_ 

Energy transmitted per cir¬ 
cuit. 

Voltage of transmission.. .. 

Losses... ... 

Synchronous condenser ca¬ 
pacity requi red at full load. 


150,000 Kw. 

220 Kv. 
14,900 kw. 

76,000 kv-a. 


150,000 kw. 

220 kv. 
18,180 kw. 

40.350 kv-a. 


Capacitance determines the charging current of a 
line, and depends on spacing, diameter and arrange¬ 
ment of the conductors, frequency and length of the 
circuit. If full voltage is impressed on a transmission 
line at the generating end and the receiving end of the 
line IS left open the voltage of the receiving end may 
rise to such a value as to cause serious damage. At the 
same time the charging current flowing into the line 
which must be supplied by the generators may be equal 
to or even greater than the energy current on the line 
w en fully loaded. This may be much in excess of the' 
capacity of one of the largest generators in the genera¬ 
ting station. Incase of the 350-mile 220-kv. line just 
mentioned with single conductors the charging current 
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which must be furnished at the generating station with 
220 kv. impressed on the line at 60 cycles is nearly 
100,000 kv-a. for each three-phase circuit (200,000 
for the two circuits in parallel). This is about equal 
to the current carrying capacity of four 50,000-kw. 
(59,000-kv-a. at 85 per cent power factor) generators 
operating in parallel. In other words, it will require 
generator capacity necessary to provide 200,000 kv-a. 
leading current to energize such a two-circuit line de¬ 
signed to transmit 150,000 kw. The charging current 
being leading in the armature of the generator tends 
to increase its excitation thus making it self-exciting, 
possibly to such an extent that it becomes beyond con¬ 
trol of the separate field excitation usually provided. 
In the case cited above, if the frequency were 25 cycles, 
the charging kv-a. would be about 40,000. 

Synchronous condenser or synchronous reactor capac¬ 
ity may be so adjusted to a transmission line as to 
neutralize lagging or leading current at any point in 
the line. Capacitance in a line serves much the same 
purpose as synchronous condenser capacity, the dif¬ 
ference being that the former is distributed along the 
line and cannot be controlled, while condensers are 
generally located at the receiving end only and can 
be adjusted to compensate for change in power factor 
and load. In gradually loading up a line there 
is a point at which the charging current resulting 
from capacitance just balances the reactance thus 
giving unity power factor at the generating end of the 
line. On a long transmission line it may be found ad¬ 
visable at normal loading to operate with a leading 
power factor at the generating end of the line which 
results in unity power factor near the middle of the line 
and a lagging power factor at the receiving end. 

Many factors enter into the choice of voltage for a 
transmission line. Other conditions being equal, that 
voltage should be chosen which will permit the energy 
to be transmitted at minimum cost. The writer 
knows of one instance where 100,000 kw. was trans¬ 
mitted 23 ^ miles at 12,000 volts as the price of copper 
was such that the interest on the investment in copper 
plus the value of the energy lost in the 12,000-volt 
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circuits was less than the interest on the cost of step- 
up and step-down transformers, and the other items of 
cost that the higher voltage would have involved. The 
economic voltage is dependent upon the amount of 
energy involved. In the case of very long lines and 
large amounts of energy the economic voltage is the 
highest that the state of the art will permit. This at 
the present time is about 220,000 volts. On shorter 
lines it may be desirable to adopt a voltage that cor¬ 
responds to that of other lines in the vicinity in order 
that the circuits may run in parallel without the intro¬ 
duction of transformers. Determination of the proper 
voltage for a project requires careful analysis of all 
the factors bearing on the problem after full knowledge 
of the value of these factors has been ascertained. 

Frequency will generally be determined by the pre¬ 
vailing frequency of the district to be supplied. Up to 
350 miles it is practicable to design operative trans¬ 
mission lines for either 60 or 25 cycles, the prevailing 
frequencies in this country. Beyond this distance it 
may be found advisable to use the lower frequency in 
order to keep the reactance and capacitance susceptance 
within practical limits. There is very good reason 
to believe that 60 cycles will eventually prevail in this 
country and all new projects except those involving 
very long transmission lines should be at this fre¬ 
quency. Even in those communities where 25 cycles 
now prevail it is usually practicable to take on new 
business at the higher frequency so that eventually 
the lower frequency may be retired. In the begin¬ 
ning there was very good reason for the adoption of 
25 cycles on account of it being impracticable to build 
60-cycle synchronous converters for changing to direct 
current. Sixty-cycle synchronous converters have now 
been developed which answer all requirements, and the 
reason for the lower frequency more expensive ap¬ 
paratus no longer exists. 

It is particularly unfortunate that the two pre¬ 
vailing frequencies in this country are such that fre¬ 
quency-changers are necessarily very expensive. There 
is only one practicable speed, name’y 300 rev. per min., 
which results in a ratio of 25 to 60 cycles. Such machines 
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must have 10 poles for the 25 cycle end and 24 poles 
for the 60-cycle end, thus necessitating a very expensive 
machine even for small installations. If 30 cycles had 
been chosen instead of 25 the matter of changing fre¬ 
quency would have been greatly simplified as the lower 
frequency machine would then have a pole ratio to the 
higher of 1 to 2, and in general could be built at much 
lower cost. This would have been of considerable 
advantage in the transition of 25-cycle systems in this 
country to a 60-cycle standard. Or if 50 cycles had been 
chosen which is the voltage generally used in foreign 
countries a ratio of 1 to 2 would also have resulted. 

The performance of a transmission line may be com¬ 
pletely determined graphically with the degree of ac¬ 
curacy necessary for preliminary studies by the use 
of vector diagrams indicating currents and voltages 
at the two ends of the circuit and applying the auxiliary 
constants of the circuit which account for the distri¬ 
bution effect. These constants may be read direct from 
the Wilkinson Charts. The following illustrations of 
this graphic method are given as applied to a 225-mile 
220 -kv., 60-cycle transmission, designed to transmit 
300,000 kw. and supply an industrial distribut ng 
system at 85 per cent power factor. The transmission 
will consist of two tower lines, each supporting two 
circuits. Additional line characteristics and load data 
are given on the diagrams which apply to one 605,000- 
cir. mil aluminum steel reinforced three-conductor 
circuit. Under normal conditions each circuit will 
transmit 75,000 kw. and under emergency conditions 
will transmit 150,000 kw. The voltage will be held con¬ 
stant at the high-voltage side of the raising transformers 
and at the low-voltage side of the lowering transformers. 
This somewhat simplifies the calculations as it elim¬ 
inates the impedance of the raising transformers from 
consideration. In each of these solutions the impedance 
of the lowering transformers is added to the line im¬ 
pedance and regarded as if it were distributed line 
impedance. The percentage of error due to this 
assumption is shown in the lower right-hand corner 
of each diagram. For an exact determination of the 
performance of a very long line the complete method 




986 


L. E. IMLAY 


[June 22 


of solution would be demanded. In this complete 
method the localized impedance of the raising and 
lowering transformers is not considered as distributed 
line impedance but treated as localized impedance. 
The illustrations show, in addition to a complete 
graphical method of solution, the mathematical so¬ 
lution which exactly parallels it. The quantities given 
on the illustration have been carried out to an ex¬ 
treme degree of refinement so that the error in results 
as determined by this simplified approximate method 
compared with the more complicated complete method 
(not shown here) could be accurately obtained. It 
may be noted that the approximate solution shown 
by illustration takes into account the effect of the 
condenser and lowering transformer losses flowing 
over the circuit and the effect of the magnetizing 
current of the lowering transformers in reducing the 
amount of condenser capacity required under load. 

Fig. 1 shows the conditions existing at no-load with 
normal load connections and with line and lowering 
transformers energized. With 220 kv. equivalent atlow- 
voltage side of lowering transformers, synchronous re¬ 
actor capacity of about 30,000 kv-a. will be required to_ 
hold the voltage at sending end at 230 kv. The illus¬ 
tration indicates that this capacity of synchronous 
reactor will hold the sending end voltage at about 
227 kv. but the table of percentage error for this method 
indicates that the voltage at sending end as deter¬ 
mined by this method is about 2.13 per cent low. 
The complete method would give the sending 
voltage as 230 under this condition. To maintain 
the same voltage (220 kv.) at both receiving and 
sending ends of the line about 20,000 kv-a. syn¬ 
chronous reactor capacity will be required as shown in 
Fig. 4. 

Fig. 2 shows the performance of the system at nor¬ 
mal load of 75,000 kw. per circuit and 220 kv. at the 
load. Under these conditions about 42,000-kv-a. 
synchronous condenser capacity will be required to 
hold receiving voltage at 220 kv. with an 85 per cent 
power factor load. If the voltage at sending end of 
the line is also held at 220 kv. with load conditions 
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remaining the same, the synchronous condenser ca¬ 
pacity required will be about 53,000 kv-a. as shown 
in Fig. 4. 

Fig. 3 shows the performance of the system when 
emergency load of 150,000 lew. is carried by each circuit. 
This condition may exist for short intervals while 
one tower line is out of service for repairs. With 
230 kv. at sending end of line there will be required 
about 157,000 kv-a. synchronous condenser capacity 
to hold receiving voltage at 220 kv. with an 85 per 
cent power factor load. If voltage at sending end 
is also held at 220 kv. about 173,000-kv-a. condenser 
capacity will be required, as shown in Fig. 4. 

Fig. 4 indicates, under various conditions of sending 
end voltage, the amount of energy which may be 
delivered to an 85 per cent lagging power factor load 
with 220 kv. at receiving end over this 225-mile, 60-cycle 



circuit consisting of three 605,000-cir. mil aluminum con¬ 
ductors. The synchronous condenser capacities corres¬ 
ponding to different sending end voltages are shown 
for various loads. It may be noted that with 230 kv. 
at sending end the maximum amount of power which 
can be transmitted over this circuit is about 200,000 
kw. which will require synchronous condenser ca¬ 
pacity at receiving end of about 300,000 kv-a. 

The curve also shows that 25,000 kw. can be trans¬ 
mitted with about 222 kv. at sending end of 
line without any synchronous condenser capacity. 
It also shows that 75,000 kw. (normal load) could be 
transmitted with 266 kv. at sending end of line without 
any synchronous condenser capacity. 
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The following are the essential data on performance 
of some lines proposed for supply of energy to the 
superpower zone: 


Power to be transmitted. 

300,000 kw. 

300,000 kw. 

300,000 kw. 

Voltage at receiving end. 

220 kv. 

220 kv. 

220 kv. 

Cycles.. 

60 

25 

60 

Length of line... 

. 350 mi. 

350 mi. 

115 mi. 

No. of tower lines. 

2 

2 

2 

No. of circuits per tower line... 

2 

2 

1 

Size of conductors Aluminum... 

605,000 

605,000 

920,000 


cir. mils 

cir. mils 

cir. mils 

Steel... 

78,000 

78,000 

211.000 


cir. mils 

cir. mils 

cir. mils 

Normal load per circuit. 

75,000 kw. 

75,000 kw. 

150,000 kw. 

Emergency load per circuit. 

150,000 

150,000 

300,000 

Power factor of load. 

Power factor gen. end (normal 

85 per cent 

85 per cent 

85 per cent 

load). 

Power factor rec. end (normal 

0.893 Id 

0.884 Id 

0.93 Ig 

load).. 

Power factor gen. end 

0.983 Ig 

0.934 Id 

0.97 Ig. 

(emergency load). 

Power factor rec. end 

0.983 Ig. 

0.983 Ig. 

0.91 Ig. 

(emergency load). 

Synchronous condenser capacity 

0.879 Id. 

0.894 Id. 

0.98 Id. 

required (normal load). 

152,000 kv-a. 

90,000 

141,000 kv-a. 

Line losses (normal load). 

Transformer core losses (normal 

29,800 kw. 

36,360 kw. 

13,800 kw. 

load).. 

Synchronous condenser losses 

4,500 kw. 

6,000 kw. 

4,500 kw. 

(normal load).. 

6,100 kw. 

3,600 kw. 

5,640 kw. 

Total losses (normal load). 

Eflaciency of transmissions 

40,000 kw. 

45,960 kw. 

23,940 kw. 

(normal load). 

88.1 per cent 

86.7 per cent 

92.6 per cent 


It may be of interest to note that in the 60-cycle, 
350-mile line, with voltage held the same at both 
ends, the voltage in the middle of the line is approxi¬ 
mately 6 per cent higher than at either end. In the 
25-cycle- line under similar conditions the “bulge” 
is only about 1 per cent. 

The proper design of a transmission system requires 
special and thorough knowledge of the physical con¬ 
ditions to be met both in construction and operation 
of the line. The following points are applicable to 
all long-distance transmission systems: 

(1) The right of way must be of ample width, in 
order that the conductors may be adequately spaced 
and so that there may be no danger of the conduc¬ 
tors of adjacent lines coming in contact with each 
other. The right of way must be kept cleared so 
that growing trees cannot possibly come in contact 
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with the conductors. Standing trees must be left so 
far away that when felled they do not reach the lines. 
Transmission lines have often been greatly hampered 
by inadequate rights of way; owners have had to be 
content with grants for use of public highways, or 
to make such terms as they could with private owners. 
In many cases easements could be obtained only on 
the basis that trees should not be trimmed except 
by special consent of the owners. This has resulted 
in many crooked lines, every bend involving a hazard. 
A transmission line of the magnitude we are consider¬ 
ing is often a more important carrier than a railroad, 
and there should be laws granting the right of expro¬ 
priation so that a right of way may be obtained com¬ 
mensurate with the importance of the service which 
it must render to the public. The lines should change 
direction as infrequently as possible, even slight curves 
should be avoided wherever possible. On account 
of the expense and hazard involved in dead end angle 
towers tangents must be as long as the character of 
the country will permit. Wherever possible the right 
of way should be located away from cultivated areas, 
as the lines will then be less subject to interference 
from the activities of the people and the cost of the 
land will not be so great. Lines should not parallel 
railroads or communication circuits of any kind if 
this can be avoided. 

(2) The transmission line should consist of steel 
towers with maximum spacing consistent with strength 
of conductors and most economical cost. For con¬ 
ductors of moderate size and under the usual assump¬ 
tions as to limiting conditions of loading, tower spacing 
will be as follows: For hard drawn copper about 800 feet, 
for steel reinforced copper about 1000 feet; for 
steel reinforced aluminum cables this may be 
increased to about 1500 feet. The configuration of 
the ground will probably call for many shorter or 
longer spans but these should be avoided when pos¬ 
sible. Few towers mean few insulators, each of which 
is necessarily a danger point. The conductors for 
the 220,000 volt lines should be spaced at least 18-ft. 
delta, or its equivalent, but 21-ft. spacing is better. 
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If vertical spacing is adopted the conductors should 
be staggered so that ice falling from one conductor 
may not cause a short circuit with the conductor be¬ 
low it. In areas where sleet prevails this matter must 
be given careful attention. Authentic records ex¬ 
ist of sleet forming over 13 ^ inches in radial thickness 
on line conductors. In case the transmission line lies 
wholly within a sleet area the cost of construction 
to withstand this extreme loading may be prohibitive. 
In this case provision should be made so that during a 
sleet storm one or more of the circuits may be loaded 
until they are warm enough that ice will not form on 
them. The remaining line, or lines should be short- 
circuited and separate generators used to send enough 
current through them to keep them warm. This 
method has been used by one large transmission com¬ 
pany for several years with entire success. In this 
way the lines may be preserved through a severe 
sleet storm and kept ready for service although it 
may be somewhat hampered while the storm lasts. 
With proper patrol organization the stations at the 
ends of the line should be kept informed of climatic 
conditions along the line at all times. 

Clearance between conductors and towers should be 
such that with maximum wind deflection there will be 
no flash-over to ground. In the past this has been 
one of the most frequent causes of interruption to 
service. 

(3) The strings of strain insulators should be graded 
or other means provided so that excessive voltage 
strains do not come on the units nearest the conduc¬ 
tors, when lines are operated at 220,000 volts or higher. 
The writer sees no great objection to grading the 
disks, and a fairly even distribution of potential among 
the insulator units can be obtained in this way. It 
has been objected that linemen will not pay attention 
to orders and will install the first unit that comes to 
hand when it is necessary to make a replacement. 
After twenty yearsV experience in operating and main¬ 
taining transmission lines the writer believes that this 
is not a valid objection and that effective organiza¬ 
tion will prevent such happenings. 
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(4) Switching must be reduced to its lowest terms. 
There should be no taps from the transmission line 
between the step-up transformers at the generating 
station and the step-down transformers at the point 
of delivery. Where possible, switching should be done 
on the low-tension side of the transformers but a 
certain amount of switching to shift the load from one 
circuit to another on high-tension lines will be un¬ 
avoidable. Manufacturers have successfully provided 
oil switches for 150,000-volt circuits involving com¬ 
paratively large amounts of power, and switches for 
220-kv. circuits will have no heavier duty as the 
currents are smaller. High reactance inherent in 
transformers and lines contribute to limiting the cur¬ 
rents at time of short circuit to comparatively small 
amount, thus minimizing the duty imposed on oil 
switches. 

(5) Neither overhead ground wires nor lightning 
arresters should be provided on circuits ■ of 220,000 
volts or higher as it is believed they will cause more 
trouble than they will prevent. Induced high-fre¬ 
quency charges will be absorbed by the large capacity 
of the lines and dissipated by corona. 

While it is essential that the transmission system 
be properly designed and constructed, and that the 
physical conditions surrounding the line be under 
control of the operating company, the operating or¬ 
ganization is of even greater importance. Years are 
required in which to build up an operating personnel 
which will get the best service from a transmission 
system. Eternal vigilance is the price of service,rand 
this can be obtained only with an intelligent;' loyal, 
well trained and well paid operating staff. vjrfitfi'r) 

V-'Mi li, K'c'/I 

The Service That Can Be Expected .I^om L0NG7 
Distance Transmission .. .1:’.,.'“^.'' ‘ '^,‘,1’'-!; 

Continuity of service cannofc .be-neadily; e^ 

In a densely settled commhnity owhere Imany ;thous- 
ands of people are entirely;-dependent'!on the public 
utility systems for light;>power. and. transportation, 
it is customary to sefesa high,‘value.. >onr continuity <of 
service. Publicr-utility .companies .haye--gone on the 
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principle that absolute continuity of service, so far 
as humanly possible, is necessary, and they have pro¬ 
vided large excess of generating capacity and duplicate 
feeder systems at great expense to accomplish this 
result. The utility manager has in mind the multi¬ 
tude of complaints that arise whenever an interrup¬ 
tion to service, however slight, occurs and however 
small this inconvenience to the company’s patrons 
may have been. Human nature, in this age of rush¬ 
ing effort to accomplish work in its frantic pursuit 
of pleasure, is impatient at delay. An insignificant 
interruption to traffic in New York caused by failure 
of power supply furnishes opportunity for much com¬ 
plaint and publicity in the newspapers all of which is 
very embarrassing to the utility companies. It must 
be admitted that much of this frenzy for haste is 
infectious and is contracted from seeing others so im¬ 
pelled and not from any necessity in the case. Sub¬ 
way and elevated trains must be on time. The com¬ 
muter hastens to his suburb only to sit down and 
read the paper for an hour before dinner. Broadway 
must be brilliantly lighted with thousands of lights 
every minute of every evening or the crowds- are dis¬ 
appointed. In short the service must be perfect. 

In some parts of our country large amounts of energy 
for transportation, power and lighting are brought 
from power plants located at waterfalls in the moun¬ 
tains. The people understand this and know of the 
various climatic and other elements beyond human 
control that may effect this service. A few times in 
a year there may be interruptions to the service. 
They do not like it but it is expected, no one is per¬ 
ceptibly the worse for it, and life goes on as usual. 
Now if these communities were to have the service 
demanded by New York City, there would have to be 
large reserves _ m generating plants, possibly steam 
plants in the cities would be required, the transmission 
lines would have to be duplicated and perhaps built 
along different routes and many other safeguards 
taken at very great expense. The people would have 
to pay the cost which might easily be double the price 
they are nowfpaying for energy. Can they afford it? 
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New York demands perfect service and, generally 
speaking, gets it. New York also _pays_ for' it. Can 
she afford it? Like many other things in New York 
the people pay for this superservice whether they 
can afford it or not. 

The standard of service now given by many of our long¬ 
distance plants is not the best that can be attained 
for there is not one of these, if it were to be rebuilt 
at the present time, that could not improve its service, 
although the present standard is high and is being 
steadily improved. New long-distance lines now 
building are taking advantage of past experience and 
increased knowledge of the causes of trouble and means 
of preventing it. One of the reasons for trouble ex¬ 
perienced in the past is that the developing companies 
were hampered by financial limitations. They could 
not build as well as they knew how for lack of money 
and had to do the best they could with the means 
available. When a plant is once built and in opera¬ 
tion it is very difficult to raise additional money solely 
for the purpose of improving the service, and with¬ 
out expectation of increased revenue. Material im¬ 
provement in service would generally mean entire re¬ 
construction of the transmission lines and the earn¬ 
ing power of very few plants would stand the addi¬ 
tional cost. 

In order to secure the opinion of those most favor¬ 
ably situated to judge as to whether energy trans¬ 
mitted over long lines can be delivered with the con¬ 
tinuity necessary to satisfy the requirements of users 
of energy in the Superpower Zone, a series of questions 
were propounded to them premised by the assump¬ 
tion that the energy should be transmitted from either 
steam or hydroelectric stations ranging from 100,000 to 
300,000 kw. in capacity over transmission lines of the 
highest grade of construction distances ranging from 
100 to 300 miles. 

Sixteen answers were received from prominent men 
holding responsible positions either as consulting or 
operating engineers of companies operating long¬ 
distance transmission lines in this country. These 
men, as well as the history of the transmission sys- 
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terns they are identified with, are well-known to en¬ 
gineers. 

The answers received naturally reflected the ex¬ 
periences of the companies which these engineers rep¬ 
resent. However, leaving out of account the psy¬ 
chology of the matter as affecting their answers there 
was practical unanimity of opinion that two tower 
lines, each supporting two circuits, each tower line 
with^ its circuits being capable in emergency of trans¬ 
mitting the entire load, would reasonably insure con¬ 
tinuity of service of the character required by the 
metropolitan district of New York. 


ivong-distance transmission plants are not the only 
ones subject to interruptions. Local steam-electric 
plants are also subject to interruptions from storms, 
strikes, freight blockades, and from other causes. 
The remedy for this is numerous and varied sources 
of supply and interconnection of plants. This is 
now being carried out locally in various parts of the 
country particularly in New England, the south At¬ 
lantic states and in California, and is the method 
being proposed on a large scale by the Superpower 
Survey in the Washington-Boston district. When 
the whole country is connected with a large network 
of interconnecting lines between load centers, and 
these load centers are arranged for supply from local 
steam stations, large steam stations in neighboring cities, 
steam stations at the mines, and hydroelectric stations 
from sites both far and near, continuity of service 
will be assured far beyond what can be obtained from 
ally single or local source of supply, however well 
safeguarded. The communities will then be prac¬ 
tically independent of strikes or storms or meteor¬ 
ological conditions and will have better and more re¬ 
liable service than can be obtained in any other way. 

The author _ wishes to acknowledge the assistance 
of Messrs William Nesbit, P. H. Thomas, and P. 

I. Lincoln, in preparing the diagrams and in the 
calculations, the results of which .are given in this 
paper.. 
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VOLTAGE AND POWER FACTOR CONTROL OF 
66,000-VOLT TRANSMISSION LINES CON¬ 
NECTING TWO GENERATING 
STATIONS 


BY RAYMOND BAILEY 

The Philadelphia Electric Company 


Abstract of Paper 

The problem which confronted The Philadelphia 
Electric Company of providing for the control of volt¬ 
age and power factor of the two 66,000-volt trans¬ 
mission lines connecting its Schuylkill and Chester 
generating stations is presented in this paper. 

It is required that the control of voltage and power 
factor of the transmission lines referred to i)ermit of the 
transfer of energy in either direction, at suitable power 
factor, up to the rated kv-a. capacity of the lines, with 
the generating stations operating at approximately 
equal bus voltages. The situation is considerably com¬ 
plicated by the necessity for supplying energy to several 
industrial substations, connected to these lines near the 
■ midpoint, which under certain operating conditions 
are supplied from one of the two^ lines. 

Another important factor in the selection of 
regulating equipment is the severe short-circuit effects 
possible in a system of which the ultimate capacity of 
the present three generating stations will be approxi¬ 
mately 500,000 kv-a. . . 

The comparison made to determine upon the most 
satisfactory type of regulating equipment and the 
reasons for the selection of three-phase induction 
regulators are given. Data on the performance charac¬ 
teristics of the lines, with the induction regulators 
are included. , ^ , 

In the discussion of this problem of voltage and 
power factor control, certain conclusions of a more 
or less fundamental character are brought out. 

T his paper deals with a particular installation for 
control of voltage and power factor, made neces¬ 
sary by the interconnection of a large system, 
rather than a discussion of this question in a general 
way. An outline of this specific problem with its re¬ 
quirements, a discussion of the factors determining the 
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selection of equipment, and a presentation and discus¬ 
sion of data on operating characteristics are included. 
This plan is adopted because it is thought that a paper 
of this sort will be of more value than one touching 
upon the subject in a more general way. 

This interconnection is made by means of very 
short transmission lines and, therefore, does not in¬ 
volve any of the problems which' go hand in hand with 


SCMUrLKILU 
GENERPITING STOTlOtJ 



Fig. 1 Single-line Diageam of Schuylkill-Chester 
Transmission Lines 

Disconuectiiig switches, instrument transformers, lightning arresters, 
etc. are omitted 

the use of long transmission lines, but is of particular 
interest on account of the exacting requirements for 
voltage and power factor control under various dis¬ 
tributions of load, and the severe short-circuit effects 
encountered. 

The Philadelphia Electric Company supplies Phila- 
uelphia, Pa., and surrounding territory with electrical 



Fig. 2 Curves Showing Variation, for Several 
Different Power Factors, of Voltage at Receiving End 
OF Line with the Kv-a. Transmitted 


energy mainly through three large steam generating 
tations, known as the Schuylkill, Delaware and Chester 
Stations, the present total capacity of which is approxi¬ 
mately 275,000 kv-a. and the ultimate 500,000 kv-a. 
The growth of the demands for power in the district 
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of which Chester, Pa., is a center necessitated the build¬ 
ing of the Chester Station. With the completion about 
three years ago of this station came the need for trans¬ 
mission lines connecting it with the Schuylkill Station 
in Philadelphia to permit of the most economical load¬ 
ing of these stations and make possible the use of 
minimum reserve generating capacity. 

Two 66,000-volt lines, 14 miles long, of approximately 
20,000 kv-a. capacity each, with step-up and step- 
down transformers arranged as shown in Fig. 1, are 
provided. 

The transmission of 40,000 kv-a. for a distance of 
14 miles would not in itself call for a line potential 
of 66,000 volts, but the possibility of future extension 
and interconnection with other systems made the use 
of a voltage as high as this desirable. 

The Delaware Station has direct cable ties with the 
Schuylkill Station, but has no tie lines connecting with 
the Chester Station. 

The Necessity for Voltage and Power Factor 
Control 

The need for voltage and power factor regulating 
equipment on the Schuylkill-Chester lines is clearly 
brought out by the curves of Fig. 2, which show the 
inherent regulation of the lines, as shown by Fig. 1, 
except that the regulators are not included. It is 
obviously impossible to obtain satisfactory operation 
with the generating station bus voltage differing by 
11.6 per cent, which is the figure for the transmission 
of 20,000 kv-a. per line at 85 per cent power factor. 
The curve for transmission at unity power factor 
indicates that 20,000 kv-a. can be transmitted over 
each line at that power factor with a voltage difference 
of only 2 per cent, which is entirely satisfactory. 
If this is done, however, there will be a certain amount 
of excess reactive kv-a. to be carried by the generating 
station to which the lines are supplying energy, as the 
power factor of the load is about 85 per cent; and this 
is, in some cases, impracticable to carry out, and un¬ 
economical. This question of relative power factors 
of the various generating units will be discussed in de¬ 
tail in another part of this paper. 
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Regulation Requirements 
An analysis of the problem brought out the fol¬ 
lowing requirements for voltage and power factor con¬ 
trol, which were important factors in determining 
the selection of equipment for this service. 

The demand for large blocks of power, totaling 
about 15,000 kv-a. at about 90 per cent power factor, 
by three industrial consumers located adjacent to 
these lines necessitated their connection thereto. In 
order to meet all operating conditions, it was decided 
that regulating equipment must make possible the 



Fia. 3 —Vector Diagram op Current and Voltage 
Relations of the Two 66,000-Volt Transmission Lines 
FOR Certain Assumed Loads 


Ec —Chester Station bus voltage 

En —Industrial consumer’s voltage 

Es —Schuylkill Station bus voltage 

Eu —Line voltage at regulator (untapped line) 

El —Line voltage at regulator (tapped line) 
eit —Regulator voltage (untapped line) 

€i —Regulator voltage (tapped line) 

lu —Current in untapped line 

Ii —CuiTent in tapped line at Chester Station 

/h —Current taken by industrial consumers 

It —Current in tapped line at Schuylkill Station 

Zu —Impedance of untapped line 

Impedance of tapped line—Chester Station to consumer 
Zt —Impedance of tapped line—consumer to Schuylkill Station 

loading of both lines to rated capacity at either end, 
depending upon the direction of energy transfer, re¬ 
gardless of the size of the industrial load and whether 
it is split up between the two lines or all supplied 
from one line. 

The vector diagram shown in Fig. 3 gives the volt¬ 
age and current relations of these two lines under the 
assumed maximum load conditions given for point 
No. 2 of Fig. 9. Reference to this diagram will give 
an idea of the relative values of the impedance drops 
in the line supplying the industrial load and the line 
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which runs straight through with no industrial load 
on it. To make such load conditions possible, it is 
evident that the two voltages et and must be in 
series with the two lines in order to meet the bus volt¬ 
age^ Ea, and the turbine governors adjusted for the 
desired kilowatt value. Further consideration of 
this, question will show that as the industrial load 
diminishes or increases, or is split up between the two 
lines, the angle and magnitude of the two voltages 

and should change to keep the same power factor 
and voltage conditions. This would indicate that 
regulating equipment selected for this service would 
have to be of such character as to give a voltage of 
variable magnitude and phase angle. 

The large ultimate generating capacity of the stations 
at each end of the lines will in the event of a short 
circuit at the bus deliver a maximum of 700,000 kv-a. 
The very high short-circuit effects encountered, com¬ 
bined with the necessity for the utmost reliability, 
led to a decision to install no regulating equipment 
but that of the most substantial and sturdy construc¬ 
tion. 

Comparison of Various Forms of Regulating 
Apparatus 

Types of equipment considered for the installation 
in question include the synchronous condenser, the 
step-type regulator, the synchronous booster, and the 
three-phase induction regulator. 

Synchronous condensers are not practicable for use 
in this instance because of the necessity for maintain¬ 
ing approximately equal bus voltages in both genera¬ 
ting stations and for transmitting energy in both di¬ 
rections. The curves of Fig. 4 show clearly that at 
line power factors which give a voltage drop of permis¬ 
sible magnitude, the capacity of condensers required is 
excessive, resulting in a large investment and space 
requirement. As an example, if we assume the voltages 
at the ends of the lines differing by 2 per cent, it is 
found by referring to Fig. 4 that approximately 10,000 
kv-a. condenser capacity is required at the ends of 
the line, thus necessitating a total capacity of 40,000 
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kv-a. The value of these condensers in reducing the 
amount of reactive kilovolt-amperes carried by the 
generators should not be overlooked, but in this in- 



LINE POWER FACTOR-PERCENT 

Fig. 4—Curves Showing Difference Between the Two 
Generating Station Bus Voltages When 20,000 Kv-a. 
IS Transmitted Over the Lines at Various Power Factors, 
and the Condenser Capacity Required to Give These 
Power Factors When the Load Power Factor is 85 Per 
Cent 

stance it was not great enough to warrant their in¬ 
stallation. 

The step-type regulator which has been developed 



primarily for electric furnace and electrol 3 rtic work, 
coi^ists essentially of a series transformer connected 
and energized with voltages of various 
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magnitudes from a special transformer supplied with 
taps and arranged with single-phase induction regu¬ 
lators, so that a gradual change in voltage is possible. 
Fig. 5 shows the elemental electrical connections of an 
equipment of this type for transmission lines regulation. 
The manner in which this appafatus functions is out¬ 
lined in detail in Appendix A. 

Among the advantages of this type of regulating 
equipment are that it can be built to withstand severe 
short circuits because the only apparatus in series 
in the lines are transformers, and it is slightly cheaper 
than other types of apparatus for the same service. 
The principal disadvantages are in the high-voltage 
sliding contacts which may give trouble and would be 
difficult to keep in condition, and the complication 
made necessary to secure the variable phase angle 
required to permit of loading the lines under different 
operating conditions. 

The ssmchronous booster ordinarily does not give 
a variation of phase angle of its voltage; but it can be 
arranged so that the stator frame can be shifted at 
will through a certain angle, thus varying the phase 
angle of its voltage. When so equipped with a frame- 
shifting device, the synchronous booster gives more 
flexibility than the three-phase induction regulator 
because its voltage can be varied in both magnitude 
and phase angle, while that of the regulator can be 
varied in phase angle only. 

In respect to this application, the induction regulator 
has many desirable features as compared with the 
synchronous condenser and the step-type regulator, 
and appeared to be superior to the synchronous booster. 
The problem, therefore, resolved itself to a great 
extent into an exact comparison of the induction regu¬ 
lator with the synchronous booster, equipped with a 
frame-shifting device. An analysis was therefore 
made of the operating characteristics of the trans¬ 
mission system which indicated that induction regu¬ 
lators giving a constant voltage of 9 per cent with a 
variable phase angle would permit of the desired 
conditions of load, and they were selected for this 
service in consideration of their advantages as compared 
with synchronous boosters, listed below: 
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1. More sturdy construction. 

2. Ability to withstand greater short-circuit 
stresses. 

3. Greater simplicity of operation. 

4. Higher efficiency. 

5. Smaller first cost. 

6. Suitability for outdoor installation which greatly 
facilitated the arrangement of equipment. 

7. Is not a "rotating” machine. 

8. Less inspection and maintenance required. 



Fig. 6—General View op the Outdoor Substation in 


Which the Regulators are Installed 


It is true that the synchronous booster with a frame- 
shifting device permits of more exact control of the 
lines but the resulting gain is slight and is not 
comparable with the advantages of the induction 
regulator set forth above. 

Description of the Induction Regulator 
Two 1750-kv-a., three-phase, 60-cyele, oil-insulated, 
water-cooled, motor-operated induction regulators of 
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Westinghouse manufacture, designed to give 9 per 
cent buck and boost on a 13,600-volt circuit, were 
installed in the Philadelphia outdoor substation, a 
general view of which is included in Fig. 6. 

Fig. 7 is a close-up view of one of the regulators, 
showing breather and temperature indicating equip¬ 
ment. Arrangement for hand operation is provided 
but is not shown in the illustration. The height of 
the regulator is 14 ft. 10 in.; the diameter 6 ft. 3 in., 
and the weight 56,000 lb. when filled with oil. 



Pig. 7—Close-up View of One of the 1750-Kv-a. 

Induction Regulators 

■ The regulators can easily be disconnected from the 
lines if desired when they are not “working” by un¬ 
bolting the cable connection of each phase at the point 
A and reclamping at the point B, from which the cable 
for normal operation has been removed. This change 
in connection can be carried out in a very short 
length of time. 

When operating at rated load, the losses of each 
regulator are 40 kw. and 20 gallons of cooling water 
per minute are required. 

The stator and rotor coils are braced and insulated 
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with thp it-'-i ^ insulation, in accordance 

m the standard turbo-generator practise. 

to withstand suc- 
tS Sf^'a fifteen times 

in th? ^ bolts are provided 

in mechanism of the regulator so that 

e event of an unusually severe short circuit, they 

rejilftor.'^^^’ P^’^'^^^ting serious damage to the 

Reactors giving 3 per cent drop at rated circuit 
Sid of theT'T T ®^^^^^kill Station 

Sreon ' equipment installed 


^/sy^ TO 
PHILR. 


CliE5TEFf 


Fig. 8—Diagram Showing Marking of Position D 

Dial 


Indicator 


The switches controlling the regulator operatine- 

S^foTth^ ‘'J' .f“rating station conW 
panels for these lines, to facilitate operation. 

0 give further ease of operation, each regulator 

IS provided with a position indicator located Si the 

is, T *"'■ “'““‘to 

_ onsists essentially of a special 360 deg nower fnotnr 
mdrc^tor, one set of potential coils ? coifed t 
he line potential transformers, and the other coil to 

^Sio “toss rinda^ 

winding of the regulator. The regulator has foS 
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poles and the pointer of the indicator consequently 
makes two revolutions to one revolution of the regu¬ 
lator rotor. The markings of the dial of the instru¬ 
ment are shown by Fig. 8 and are arranged so that the 
operator can readily secure the desired load conditions. 
The pointer is usually in the half of the scale which 
has the words to Chester printed on it when trans¬ 
mitting energy to Chester, and is in the part of the 
scale marked to Philadelphia when transmitting in 
that direction. 



Fig. 9—Circle Diagram of Pbepormance Characteristics 
•OP THE Transmission Lines 


Discussion op Transmission Chaeactnristics 
The analysis of the operating performance of the 
transmission system was made by means of a circle 
diagram similar to the one shown in Fig. 9, developed 
to meet the need for some means for readily deter¬ 
mining upon the load conditions which should be 
obtained on these lines under various operating condi¬ 
tions. The principles involved in the construction 
of this diagram and the method of using it are outlined 
in Appendix B. 

The curves given in Fig. 10 are plotted with readings 
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taken from this diagram and show the transmission of 
energy from Chester to Philadelphia over the untapped 
line (no industrial consumers connected), for different 
amounts of kilovolt-amperes at 90 per cent power factor, 
furnished to the consumers from the tapped line which 
is supplied with 20,000 kv-a. at 85 per cent power 
factor at the Chester Station. Curves A, B, C and D 
show the kilovolt-amperes which can be transmitted 
at 85 per cent power factor (based on Chester bus 
voltage) over the untapped line with respectively, 
zero, one, two and three per cent, difference between 
the bus voltages of the Chester and Schuylkill genera- 



0 3 6 9 12 15 

KILO KV-A. TO CONSUMERS AT 90 PER CENT P.F. 

Fig. 10—Curves Showing the Amount of Kv-a. Which 
Can Be Transmitted From Chester to Philadelphia 
Under Various Conditions 

ting stations, when the regulators are in one of two 
possible combinations of positions. Curves A and B 
do not extend to the 20,000 kv-a. point as do the others 
because it is impossible to obtain the load conditions 
necessary for this with zero and one per cent difference 
between bus voltages. 

Curve F (Fig. 10) shows the kilovolt-amperes trans¬ 
mitted over the tapped line through to the Schuylkill 
station and has marked along it at different points, 
the power factor at that particular load condition. 

If the regulators are operated in the other possible 
combination of positions so that the line will receive 
kilovolt-amperes from the Chester Station at 85 per 
cent power factor, the kilovolt-amperes which can be 
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transmitted with bus voltages equal or differing by 
as much as three per cent are shown by Curve E. 

The second combination of regulator positions does 
not in most cases permit of as high kilovolt-ampere 
loads being carried as does the first and is, therefore, 
in general not desirable. 

The two possible regulator positions referred to above 
are shown in Fig. 11 for an assumed load, of current 



Yiq. 11—^Vector Diagram Showing the Two Possible 
Regulator Voltage Positions for an Assumed Load 


1 1 causing an impedance drop The regulator 
voltage can take either the position ei or 62 to meet 
the receiving bus voltage Ei provided the stations are 
not tied together through other lines. Figs. 10 and 

12 indicate the desirability of one of these regulator 
positions as compared with the other. 



Yiq, 12 —Curves Showing the Various Load Conditions 
Possible on the Untapped Line When Transmitting 
FROM Chester to Philadelphia With Equal Generating 
Station Bus Voltages 

It would appear as though regulator position 61 
is the better of the two, insofar as line power factor is 
concerned, because it apparently counteracts to a great 
extent the effect of the line reactance in producing 
reactive kilovolt-amperes which the generators must 
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carry. This is not true, however, as the ratio current 
of the regulator when combined with the load current 
pves a total line current having an angle between 
it and the load current equal to the angular displace¬ 
ment of the line voltage caused by the regulator voltage, 
with the result that there is no change in line power 
factor made thereby. There is, of course, a small 
change of angle brought about by the exciting current 
and impedance of the regulator. 

Fig. 12 shows the various kilovolt-ampere values 
that can be carried on the untapped line with the 
regulators in all the possible positions when the tapped 
line is carrying 20,000 kv-a. at 85 per cent power factor 
at the Chester Station and is supplying the industrial 
consumers with 15,000 kv-a. at 90 per cent power factor. 
Inspection of these curves will reveal the fact that with 
the one combination (Curve B) of regulator positions 
it is practically impossible to vary the kilovolt-amperes, 
but the power factor can be varied. The other com¬ 
bination (Curve A) permits of considerable variation 
of both power factor and kilovolt-amperes and is the 
more desirable one. 

Fig. 2 includes curves showing the transmission of 
kilovolt-amperes over the lines using the regulators, 
when there is no industrial load supplied from the 
mid-point of the line. 

One of the limitations of the control of voltage and 
power factor is in the maximum voltage which can 
safely be impressed on the transformers at each end of 
the lines. Owing to the position of the regulators 
relative to the transformers, this limitation is of con¬ 
sequence only when transmitting energy to Chester 
from Philadelphia. 

Operating experience with these regulators for 
control of voltage and power factor has been very 
satisfactory and verifies the results of the analysis made 
to determine upon the capacity and characteristics of 
the regulating equipment. There are no rapid fluc¬ 
tuations of load on these lines under normal conditions 
and, therefore, no difficulty is experienced in maintain¬ 
ing the desired power factors. Some apprehension 
was felt at first as to the form of instructions which 
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would enable the operators to readily load the lines as 
desired, but it was found that the position indicators 
used with the other instruments on the lines made 
satisfactory operation possible. 

The lines connecting generating stations may be 
used under many conditions to increase the combined 
economy of these stations. The exact increase in 
economy made possible by securing more efficient load¬ 
ing of the generating units under various operating 
conditions is rather difficult to determine, as there are 
many factors involved. An instance where higher 
efficiency may be obtained is the case where the units 
of one station are lightly loaded and those of a second 



Fig. 13 —Geaphical Repeesbntation op the Inceease op 
Geneeating Capacity Requiebd by Opeeation op Units 
AT Unequal Power Factors 

station heavily loaded, and by the use of the tie lines 
•the load may be equalized so that all of the generators 
will operate at or near the most economical point, which 
in most cases is in the neighborhood of 75 per cent of 
the rated capacity. Or, again, we^ may have two 
stations in which the units are lightly, loaded, in which 
case the proper transfer of load over the tie lines may 
make possible the shutting down of one machine and 
the operation of the remaining units in both stations at 
a higher efficiency. If, on the other hand, the gener¬ 
ators in both stations are heavily loaded, an available 
spare machine could be started and the load equalized 
over the tie lines so that all of the machines would 
operate at a more efficient point. 

In cases where there are generating units or stations 


t: 
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differing by a considerable margin in economy, it is 
often found desirable to operate the efficient units at 
or near unity power factor, and carry the lagging re¬ 
active kilovolt-ampere on the less efficient machines. 
Where there is a large modern generating station with 
units of higher efficiency in it than in the older stations, 
it is customary to keep the most efficient station as near 
fully loaded as possible, at or near unity power factor. 
This arrangement requires, however, that the combined 
kilovolt-ampere generating capacity in use be greater 
than that of the load, the amount depending upon the 
difference in the power factors of the generators in¬ 
volved. This will be evident by referring to Fig. 13. 
To illustrate the point in mind, let us assume that an 
efficient station which will carry 75 per cent of the 
kilovolt-ampere load, is available. This station, which 
supplies the current 1 3 , will be called unit A and the 
scales so designated should be used to read its kilovolt¬ 
ampere and power factor. Scales marked unit B 
should be used in the same way for the less efficient 
unit. Reference to the diagram will show that when 
both stations are supplying current (J 3 and I) at the 
load power factor, the total kilovolt-ampere generating 
capacity is a minimum and is equal to 75 per cent 
(scale A) plus 25 per cent (scale B) or one hundred per 
cent of the load kilovolt-ampere. 

Ifi however, unit A supplies the current I at ap¬ 
proximately 99 per cent power factor, it will supply 
75 per cent of the load kilovolt-amperes and unit 
B which supplies the current 1 3 is operating at' 
power factor of about 30 per cent and supplies kilovolt¬ 
amperes equal to 40 per cent of the load; the total 
kilovolt-ampere generating capacity under this condi- 
■ tion is 115 per cent of the load kilovolt-amperes. 

The excess kilovolt-amperes required increases as the 
power factor of unit A approaches unity, and that of the 
unit B approaches zero or vice versa, and reaches a 
maximum of 37 per cent at unity and zero power factor, 
respectively, with a load powet factor of 85 per cent. 
When the load power factor is higher, this additional 
generating capacity required to operate at unequal 
generator power factors becomes smaller. 
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The discussion given above relative to operation 
of units to obtain maximum economy applies either to 
individual units in a station or to several stations of 
groups of generating units. It is obviously only di¬ 
rectly concerned with the operation of tie lines when two 
or more stations are involved. 

Conclusions 

Interconnection of any particular system presents 
problems which must be solved individually by making 
a thorough analysis, including consideration of all 
pertinent features. The use of induction regulators 
for the control of voltage and power factor in the 
instance discussed in this paper does not indicate in 
general that this is the best method of handling the 
problem. 

Summarizing, it could be said that equipment se¬ 
lected for the control of transmission lines should 
meet the following conditions which are more or less 
fundamental: 

The equipment must permit of the desired trans¬ 
mission of energy at suitable power factor under all 
operating conditions. 

Apparatus of sturdy construction which will give 
the greatest degree of reliability is absolutely essential, 
considering the great importance of this service. 
There is always a possibility that the breakdown of 
any equipment of generating station tie lines may 
cause disturbances throughout the system, which may 
lead to serious consequences. An installation which 
will require considerable inspection and mainte¬ 
nance is to be avoided. 

Regulating equipment which does not permit of 
ease and simplicity of operation is, as a rule, unde¬ 
sirable. If the operation is complicated, errors are 
more likely to occur which sometimes lead to serious 
trouble. 

The initial cost of regulating equipment and the 
cost of operation, including maintenance, are import¬ 
ant factors and must be given due consideration. 

It is hoped that this paper, although it is a discussion 
of a specific problem, brings out information of a 
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general character which will be of value to those facing 
the problem of voltage and power factor control of 
interconnected systems. 

The author wishes to express his appreciation of 
the helpful assistance of Mr. Frank R. Ford in the 
preparation of this paper. 

APPENDIX A 
The Step-Type Regulator 

The manner in which the “step-type” regulator 
functions to give a gradual change of voltage can be 
most readily understood by following it through one 
step of the operation. 

The voltage induced in each of the regulator coils 
N-E and L-D (Fig. 5) is equal to one-half of that be¬ 
tween adjacent taps of the regulating transformer. 
If we assume switch K (Fig. 5) closed on contact N 
and the lead E of the regulator secondary coil 
connected to contact 5, then the voltage of the regu¬ 
lating transformer between leads 1 and 5 is impressed 
on the series transformer when the regulator is in 
the neutral position. As the regulator is turned in the 
direction so that the voltage of the coil N-E adds to 
the voltage between taps 1 and 5, the point is reached 
when the voltage impressed on the series transformer 
has been increased by the maximum regulator voltage, 
and the leadikf is half-way between taps 5 and 6 in 
potential. As the voltages of coils N-E and L-D are 
exactly equal and opposite, the lead L is at the same 
potential as lead M and switch K is swung from 
contact N to L, the brush of lead D having just moved 
on to contact 6. This impresses the voltage from taps 
1 and 6, minus that of the regulator winding D-Z/, on 
the series transformer, thus giving a voltage midway 
between taps 5 and 6. As the rotation of the regulator 
IS continued, the voltage of the winding D-L decreases 
until the voltage of the regulator is zero and the im¬ 
pressed voltage is equal to that between taps 1 and 6. 
Further rotation increases the voltage of the induction 
regulator until the potential of lead M is half-wav 
between taps 6 and 7, when the change is made to 
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the regulator coil N-E, the selector switch having 
moved from tap 5 to tap 7 while the rotation of the 
regulator has taken place. The continuation of this 
process gives the desired change in voltage up to and 
including the capacity of the equipment. 

The various switches and inductance regulators re¬ 
ferred to above are mechanically interlocked so that 
they function in synchronism as desired. To change 
from buck to boost or vice versa it is necessary to 
operate the switches provided for that purpose and 
so designated on the diagram. It is possible to pro¬ 
vide an equipment of this sort with switches so that 
the series tranformers can be short-circuited when they 
are neither bucking or boosting, so that they can be 
disconnected from the line even when it is carrying 
load. 

APPENDIX B 

Circle Diagram of the Transmission Lines 

The construction of this circle diagram can be readily 
understood by referring to the vector diagram of Pig. 
3, which shows voltage and current relations on the 
two 66,000-volt lines under certain assumed load 
conditions. The industrial load is assumed for the 
sake of simplicity to be grouped at the mid-point of 
the line. The following considerations refer to which¬ 
ever line has no industrial load on it or, of course, to 
both lines if we assume no industrial load. 

The length of the vector (Fig. 3) representing the 
impedance drop bears a definite relation at fixed bus 
voltage to the kilovolt-amperes transmitted over the 
line, and a scale placed on the diagram which will 
read the length of this vector 0-F in any position can 
be marked to read kilovolt-amperes transmitted over 
the line. 

A scale placed on the diagram so as to read the pro¬ 
jection of the impedance vector on the line 0-D can 
be marked to read kilowatts transmitted, and if desired, 
the reactive kilovolt-amperes can be read on the scale 
which indicates length of the projection of this same 
vector on a line 90 - deg. from the one reading the 
kilowatts. 

There is also a definite angular position of the 
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impedance drop vector for each line power factor. 
At unity power factor it will take the position 0-Z); 
0-B is perpendicular to E, and the ratio of D-B to 
0-B is equal to the ratio of the resistance of the line 
to its reactance. At zero power factor, the vector 
will swing around 90 deg. to the position 0-G. The 
arc D-F-G can obviously be marked to . read power 
factor of the line. 

The circle diagram of Pig. 9 is based on the principles 
outlined above, omitting most of the vectors of Fig. 3 
for the sake of simplicity and adding the necessary 
scales each with a series of guide lines to facilitate 
reading the different values. In addition to the scales 
referred to above, there have been added, one for 
reading the amperes at 13,600 volts (as this was of 
more practical value than the amperes at 66,000 volts) 
and another for reading kilowatts lost in the trans¬ 
mission system. The kilowatt loss includes in addition 
to the copper loss in all parts of the circuit, the core 
losses of the regulator and transformers. These 
scales are based on a bus voltage of 13,800 volts and 
apply only to the line which is not carrying an indus¬ 
trial load. 

It will be found that a circle, drawn on a piece of 
celluloid, representing the voltage of the regulator to 
scale, will be of material assistance in taking readings 
from the circle diagram. To take a set of readings, the 
celluloid is placed on the diagram so that some part 
of the circle coincides with the point which defines 
tne end of the impedance drop vector on one line and 
tne center of this same circle on the arc representing the 
us voltage, which it is desired to have at the receiving 
end of the lines. _ The load conditions which it is 
impossible to obtain on the other line can be read at 
any point on the regulator circle, as desired. 

In order to illustrate the method of using this dia¬ 
gram, two sets of readings of load on the untapped line 
mil be taken for the load conditions shown by point 

a ; decided that the 

Schuylkill bus voltage should be 13,600 volts, then the 
re^lator in the tapped line should be in the position 
indicated by the dotted line connecting with point 3. 









1921] VOLTAGE AND POWER FACTOR CONTROL 1015 


The point of intersection of this regulator voltage with 
the bus voltage line is the center of the regulator circle 
for the untapped line, and its position has been indi¬ 
cated on the diagram. The intersection of the regu¬ 
lator arc with the 20,000 kv-a. arc is the point for which 
readings will be taken to determine the conditions under 
which 20,000 kv-a. can be transmitted. The readings 
are: 17,200 kw., 87 per cent power factor, 10,000 
reactive kv-a., 840 amperes, andi 925 kw. loss. If it 
is desired to transmit energy from the Chester Station 
at 85 per cent power factor, the intersection of the 
regulator arc with a line from the center of the diagram 
to the 85 per cent power factor mark, is the point 
determining the readings, which are as follows: 18,000 
kv-a., 15,200 kw., 9600 reactive kv-a., 750 amperes 
and 775 kw. loss. All readings obtained are based 
on a voltage of 13,800 volts at Chester, and if it is 
desired to operate this station at any other voltage 
the proper corrections must be made. 

If it is desired to transmit energy over these lines 
from the Schuylkill Station to Chester, different points 
will have to be calculated and plotted on the diagram, 
as the impedance from the Schuylkill Station to the 
consumers is not the same as from the Chester Station 
to the consumers. If there is no load supplied to the 
consumers, the analysis of performance characteris¬ 
tics is somewhat simplified as the load condition which 
can be obtained on any line can be read without 
plotting points, by simply making use of the proper 
scales and the regulator circle. 

It must be kept in mind that the values read from 
this diagram are approximate but are satisfactory for 
the purpose of making studies of line performance. 











Presented at the s^th Annual and loth 
Pacific Coast Conventioti of the American 
Institute of Electrical Engineers, Salt 
Eake City, Utah, June 22, ig2i. 

Copyright 1921. By A. I. E. E. 


VOLTAGE REGULATION AND INSULATION 
FOR LARGE POWER LONG DISTANCE 
TRANSMISSION SYSTEMS 

BY FRANK G. BAUM 

Consulting Engineer, San Francisco, Cal. 

Abstract op Paper 

Heretofore the distance to which power could be 
transmitted has been limited. This liinitation is 
now removed by a simple method of loading; the line 
with synehronous condensers, so that the current and 
voltage may be kept practically in phase. High 
power factor and hence high efficiency result, and the 
voltage rises of the system are very much reduced, 
thus reducing insulation strains. 

A standard frequency of 60 cycles is advocated for 
the national system, and 220,000 volts is proposed as 
standard for extra large-power, long-distance trans¬ 
mission. The system of regulation proposed will 
result in practically constant voltage at all points of the 
line at all loads. And power may be taken from or 
supplied to the line at any point, and the power over 
sections of the line or over the entire line may be 
reversed and the constant voltage system maintained. 

A simple diagram is given, and this shows that for 
a 60-cyele, 22(),000-volt line, the line-charging cur¬ 
rent supplies the capacity current required for about 
0.8 load or 320 amperes load current, and that for 
larger loads the synchronous condensers supply 
leading and for smaller loads lagging current. Thus ft 
is seen that the transmission line has largely inherently 
the currents required for self-regulation, if we correct 
initially the power factor of the loads to near unity. 
Every induction motor added to the power system calls 
for a certain capacity current for correction of power 
factor to reduce the losses from motor through to the 
power station. Every synchronous motor added, 
instead of an induction motor, helps in the economy 
all along the line, improves the service and reduces the 
menace resulting from large lagging currents. Every 
synchronous motor added becomes an asset to the entire 
system. Power factor correction should be done largely 
at load centers, the final correction and regulation being 
accomplished by the transmission line capacity current 
and the synchronous condensers. 

The advantages of such a system are: Simpler 
and cheaper generators, transformers standardized 
for one voltage, insulation strains reduced and a safer 
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system results, and with constant voltage the flow of 
power has the greatest possible flexibility. (So far as 
proposal and method of presenting are new). 
Ihis will give a system power transmission compar¬ 
able to railway transportation, with a flexibility not 
possible in the ordinary system w^hich does not have the 
constant voltage feature. 

Pi'oblems of the line insulation are discussed, 
and especial attention is called to the necessity for low 
air and leakage resistance stresses. The leakage resist¬ 
ance stresses are most important. For best re«;nltc! 

^'®t.ributed as uniformly as possible over 
under the worst conditions. 
Results of a large number of tests are given 
A new_ diagram is given which results from analysis 
of ’«'tieh the characteristics 

i * i‘ be calculated, knowing 

.^^^stants of the units relatively. 

The wet and dry arc-over may be controlled if desired 

believed best to 

aceideiit elimination of arcs,, except for eases of 

present insulators with some form of 

S ifwn in regulation 

Pf I) Will no doubt give more satis- 

factory results for p.OOO volts than is now obtafned 
bnes, it is desirable that further 
SetLd® nf‘^“h®an^r^ a view to crystallizing the best 


I. VOLTAGE REGULATION OF 

transmission lines 

W Introduction 

HEN a power man is asked how far electric 
power may be transmitted, he often qualifies 
his answer by restricting the frequency, or 
he per cent power loss, or by saying one mile for each 
500 or 1000 volts between wires, etc., etc. The only 
real qualification should be that we can transmit power 
asfaraseconomydictates. That is, we are now, as herein 
shown, able to transmit power as a commodity from its 
points of production to the places of its use without 
restriction as to distance, etc.—so long as it pays 
to transmit the power. 

Engineers are prone to pay too much attention to 
the losses or percentage losses in transmission. But 
he real answer to the transmission problem—assuming 
It now possible to give constant service—is the value of 
the product at the end of the transmission. A man 
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may start out with a true! 
port it so far that only on( 
remainder—not diminishec 
profitably used. In man„ 
fraction of the energy measi 
the end of the cycle and ye 
very profitable. 

In the electrically driver 
in the incandescent lamp, e 
the energy is finally utilized, 
of messages only an extren 
transmitted energy is receive 
(Wireless transmission of la 
and wire transmission is a 
transmission.) The electri* 
may be at high efficip’i'*v 
shown here, and give j 
Let us suppose we 
power and that the lo: 
cent average for each : 
of transmission for eac 
perfect service as will b 
as follows (conductor a 

Section 1 

0 to 200 miles.... 1 

200 to 400 « . 

400 to 600 “ . 

600 to 800 « . 

800 to 1000 " . 

For 1000-mile transi 
thirds of the power de 
abgve assumes all the p 
If power is supplied at 2 
90 per cent, etc. At 6C 
transmission of about 
loads , the efficiency woi 
The cost will not be 
source of power going t< 
by the following: 

The capital cost of j 
we may take, say, at $11 








1020 


FRANK G, BAUM 


[June 22 


cost, including ssmchronous condensers and their 
transformers, may be $15 per kw. per 100 miles, or 
10 per cent increase in the power cost for each 100 
miles, or $300 per kw. (per kw. generated) for 1000 
miles. But since the power delivered at 1000 miles 
will be about two-thirds, then the capital cost per kw. 
delivered will be $460. The above assumes 100,000 to 
200,000 kw. (or more) transmitted per three-phase 
circuit, which may be successfully done (using 
aluminum for the smaller and copper for the larger 
power), as we shall see at 220,000 volts. 

There may be a very large market, say five hundred 
miles from the power source, and the transmission 
system built for that condition. But another power 
load may be 50, 100 or 200 miles away and the justifi¬ 
cation for the added transmission must be that this 
step must pay the cost of the power at the end of the 
600-mile transmission and all of the remainder of the 
transmission. Such a system may grow to a national 
power system. 

220,000 Volts Proposed as Standard for Large 
Power and Long Distance 

Since we can transmit at this voltage so large an 
amount of power (a thousand miles if economical) 
over one circuit, and a very large system would want 
for service insurance at least two tower lines with four 
circuits, giving a capacity of 400,000 to 800,000 kw. 
or more, it seems that for this reason it may be best 
to adopt 220,000 volts as standard for the national 
transmission system, just as the railroads have adopted 
a standard gage. It will be shown that so far as 
other restrictions are concerned we may go to hi^er 
voltages, but the economic limitations may be reached 
by 220,000 volts, when we consider the value of stand¬ 
ardization, the service insurance of multiple circuits, 
the amounts of power available at certain places, 
or the demand of a given market. 

Heretofore I have always said that we would go 
to higher voltages, but I now believe, for the above 
reasons, that 220,000 should be standard for extra 
high-voltage systems. And it would be advantageous 
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if 220,000-110,000-55,000 could be generally adopted, in 
order that auto-transformation may be used eco¬ 
nomically. 

A Standard National Electric Power System 
Standard Frequency 

To have a national electric power system requires 
first, standardization of frequency. Since 60 cycles is 
generally advantageous for generators, transformers and 
distribution, I will assume that this is the frequency 
of the very long-distance transmission. It is generally 
assumed that this frequency is disadvantageous for 
long transmission lines on account of voltage regula¬ 
tion, but it will be seen that all regulation requirements 
can be very successfully met with 60 cycles. I there¬ 
fore believe it will be best to standardize on 60 cycles. 

Constant Voltage at all Points of Lines 
' It will be necessary for the successful long trans¬ 
mission line to have practically a uniform voltage for 
all points of the line—not only for one load but for 
all loads. This voltage can be coritrolled within 3 per 
cent from no-load to full load and with no greater varia¬ 
tion for any points on the line. The standard trans¬ 
mission system must provide for power being supplied 
to the line and for loads to be taken off at certain 
points, just as does a railway system. The system 
must be such that the power loads supplied to the 
line or taken from the line may vary and that the flow 
of power over sections niay be actually reversed, or 
the flow of power over the entire line may even be 
reversed—without disturbing the voltage regulation 
necessary to give good service at all points. There 
is nothing experimental about the proposal as s^- 
chronous condensers for voltage regulation for fairly 
long lines were used as early as 1904 on what is now 
the system of the Pacific Gas and Electric Company, 
to regulate voltage in an emergency for transmission 
of power over 300 miles of line at 44,000 volts. The 
present plan differs from the ordinary plan in that 
synchronous condensers are located, say every 100 miles, 
and with these condensers the current and voltage 
would be maintained practically in phase. 

It will be seen that the maintenance of constant 



1022 


FRANK G. BAUM 


[June 22 


voltage at all points is not a difficult matter and 
in doing this we get rid of a lot of other troubles and 
expense,—such as voltage rise due to dropping loads, 
transformer variable ratios, voltage regulators, etc., 
and reduce the insulation strain. The successful very 
long lines must provide for keeping the current and 
voltage practically in phase at all points of line. 

If engineers and operating men can standardize 
the frequency and the voltage so as to give constant 
service, and the insulation of the transmission lines 
is made so that the line is as successful as the trans¬ 
formers, then we may see the real era of very long, 
high-power transmission systems in. the near future. 
The 220,000-volt lines now being built are therefore 
extremely important; and extreme care is being given 
to all the questions, not only in view of the importance 
of the lines being built, but also because of the effect on the ^ 
service of these lines on the transmission industry as 
a whole. 

Voltage Regulation of Transmission Lines* 

It is necessary to decide on the voltage regulation 
of the system before we can know what ordinary 
and extraordinary strains may come on the insulation 
of the transmission line; hence this subject is treated 
first. 

In Fig. 1 is shown the regulating diagram for a 200- 
mile, 220,000-volt line, for 400 amperes current. It is 
shown there that without synchronous condensers for 

;-' *See: The use of Aluminum Line Wire and Some Constants for 
Transmission Lines, A. I. E. E., May, 1900, by Dr. P. A. C. 
Pcrrine and F. G. Baum. 

A Simple Diagram*'Showing the Regulation of a Transmission 
System for any Load and any Power Factor, Electrical World, 
May 18, 1901, by F. G. Baum. 

High Potential Transmission and Control, International Elec. 
Congress, 1904, by P. G. Baum. 

Economic Limitations to Aggregations of Power Systems, 
by R. A. Philip, A. 1. E. E., February, 1911. 

Synchronous Motor Calculations, Electrical World and 
Engineer, May 17, 1902, by P. G. Baum. 

Alternating-Current Calculating Device, Second Edition, 
1903, by F. G- Baum. 














1921J VOLTAGE REGULATION AND INSULATION 1023 


a power factor of load of 0.95 the generator voltage 
would have to be 157 per cent of receiver voltage. 
At no-load the generator voltage would be about 
86 per cent if all charging current is carried by gener¬ 
ator. Even for non-inductive load the generator 
voltage at full load would have to be raised 36 per cent 
above receiver voltage. Now this extra generator 
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PiQ, 1 —Eegulation of Line with Tbansfokmers at Each 

End 

CONDITIONS: m 

Length of line = 200 miles. Keceiver volts Ey constant at 200,000. 
Charging current 136 amperes. 

I Cos e at receiver = 400 amperes. Power delivered = 138,600 kw. 

I R pressure including transformers at each end of line »= 10 per cent 
Ey (approx.) 

I X pressure including transformers at each end of line »» 80 per cent 
Ey (approx.) 

RESULT: 

CASE 1. Charging current neglected. With no synchi’onous con¬ 
denser at the receiver and a load power factor of unity, the generator voltage 
Eg o d = 136 per cent Ey = 272,000 volts at full load. 

CASE 2. Charging current neglected. With no synchronous con- 
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denser at the receiver and a load power factor of 0.95 lagging, the generator 
voltage Eg = o f = 157 per cent Ey = 314,000 volts at full load. 

CASE 3. Charging current neglected. With a synchronous con¬ 
denser at the receiver to maintain a generator voltage Eg ^ og =110 
per cent Ey = 220,000 volts at full load, the receiver power factor would 
be 0.89 leading (cos. angle dag.). The ratio /^/a d gives the synchronous 
condenser current necessary to correct the power factor from 0.95 lagging 
to 0.89 leading (336 amperes approx.). 

CASE 4. Considering one-half of charging current as supplied at 
each end of the line, and a synchronous condenser at the receiver to main¬ 
tain a generator voltage Eg ^ o g' =110 per cent Ey = 220,000 volts at 
full load: 

With a as center, draw circular arc d g\ The length of arc d g' is equal 
to a d X # (in radians). 

The angle $ measures 23 deg. = 0.401 radian, a = V O IO 2 4-0.80* X 
Ey = 0.806 Ey. d g' = 0.806 Ey X 0.401 = 32.3 per cent Ey. 

The-charging current IcX/2 =13.3 per cent (approx.), hence the 
correction to be made by the synchronous condenser is 32.3 - 13.3 = 19.0 
per cent. 

Lay oQ d f' = 19.0 per cent Ey and draw a f and df. Note 
that the condenser current must be at right angles to a d, so for practical 
purposes we may use the point /" instead of/'. 

The power factor of the receiver is 0.972 leading (cos. angle daf"). 
The ratio ff"/ad gives, the synchronous condenser current necessary to 
correct the power factor from 0.95 lagging to 0.972 leading (230 amperes 
approx.). 

NOTE: Fig. 1 is given mainly to show that very long transmission 
without synchronous condensers is not practicable. The figure as drawn 
is not absolutely accurate except when Ey = Eg, but the error is not 
material. 


voltage is part of the capacity of the generator 
and costs money. Restricting the generator voltage 
increase to the 10 per cent required to maVp 
up the dissipated energy on the line, requires synchro¬ 
nous condensers of about 80,000 kv-a. at full load, 
but about one-half this amount is required to correct 
the power factor of the load. In this figure and those 
following, the explanations are given with each case. 
Fig. 1 is given largely to show that it is impossible 
to transmit power over .long distances and give satis¬ 
factory service without synchronous condensers. 

Fig. 2 gives the fundamental basis for regulation for 
constant voltage by using distributed capacity, of such 
magnitude that the line current and voltage are always 
practically in phase. This makes the reactance pres¬ 
sure always tangent to the voltage circle, the reactance 
voltage being represented by the circular arc con¬ 
necting the ends of the line pressures. 
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Fig. 2—Regulation of Line Alone 
U niformly Distributed Capacity Current to Correct Voltage at all Loads 
CONDITIONS: 

Length of line. 300 miles. Voltage at all points constant at 200,000. 
Charging current 200 amperes. 

Energy current delivered to line, 400 .amperes. Power delivered to 
line. 138,600 Kw. 

No resistance loss and no energy dissipated along the line. 

JX pressure equal to approximately 80 per cent Et and measured by 
arc a d. 

RE SULT1 

If no power Is lost along the Une, then current Ij = “ U and 1iey are 

In phase with voltages £i, Ei and Et, the power factor being unity. I 
reactance pressure is 80 per cent of E,. then arc a d = 0.80 o a and angle 
2 * = 0 80 radian = 46 deg. (approx,). The uniformly distributed capac¬ 
ity current is everywhere at right angles to the voltage and the summation 
IB shown by the arc / m. It o 1 represents 400 amperes or the energy curreiit. 
then lm= 2^Xol= 0.80 X o ( = 0.80 X400 = 320 amperes, the uniformly 
distributed capacity current necessary to maintain conditions as set down 
above. 

At one-half loadthe reactance pressure, which corresponds to one-h^load. 
a d is reduced one-half to a'd’. This reduces the angle between £. and 
Et by one-half. Since the current is reduced by one-half o I is reduced 
to o i' and the arc I'm' becomes one-quarter the length of I m. Thus it is 
seen that the capacity current required vanes as the square of the load 
current. 

If there were no capacity current on the line at full load, then 
tance pressure would be / X = a d" at right angles to Et. The “c d d 
shows the voltage correction due to the summation of capacity currents 
flowing over the line reactance. 

Note that the angle between a d and a d" is always equal to one-half 
the angle between Ei and JS*. 

CONCLUSION: 

TO have constant voltage at all points on t**® ““® "®^^f 
ity current uniformly distributed over the line be varied along the ^es 
0 /' I and o m'm from no-load to full load, this vanation being ^® 
of the load current. This maintains the voltage and current practically m 
pi...a at all points of the Une, and this condition is necessary for sue- 
cessful long-distance transmission of power. 
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Fig. 3 shows that, for 60 cycles, 200,000 volts and 
400 amperes transmitted, the line charging current 
gives full correction at about 0.8 load, and that the 
synchronous condensers at full load must supply 
capacity current of about one-half the charging current. 
Thus it is seen that the line supplies a large part of the 
charging current required for regulation. At loads 
below 0.8 the synchronous regulators supply lagging 
current. It would be preferable to call the synchronous 
condensers “synchronous regulators.” (This proposal 
for regulation and the method of presenting it are new, 
so far as known.) 

Thus it is seen that the transmission line has largely 
inherently the currents required for self-regulation, if 
we correct initially the power factor of the loads to 
near unity. Every induction” motor added to the 
system calls for a certain capacity current for correction 
of power factor to reduce the losses from motor through 
the power station. Every synchronous motor added, 
instead of an induction motor, helps in the economy 
all along the line, improves the service and reduces 
the menace of large lagging currents. Every syn¬ 
chronous motor added becomes an asset to the entire 
system. Power factor correction should be done 
largely at load centers, the final correction and regula¬ 
tion being accomplished by the transmission line capac¬ 
ity current and the synchronous condensers. 

There are many places where synchronous motors 
could replace induction to great advantage. The 
electrical manufacturers and the power companies 
should cooperate in developing simplified types of 
synchronous motors for constant speed work. 

The advantages of such a system are: Simpler and 
cheaper generators, transformers standardized for one 
voltage, insulation strains reduced and a safer system 
results, and with constant voltage the flow of power 
has the greatest possible flexibility. 

Pigs. 2 and 3 show that it is necessary for constant 
voltage at all points of the line that the voltage and 
current be maintained practically in phase. Fig. 4 
applies these conditions practically to a 300-mile line 
and Fig. 5 to a line 800 miles long. The diagram is 
very simple and may be extended for any line length. 
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Line-Charging Current Supplemented by ITniformly Distributed Capacity 
or Uniformly Distributed Inductance. 

CONDITIONS: ^ ^ onn non 

Length of line. 300 miles. Voltage at all pomts constant at 200.000. 

Charging current, 200 amperes. 

Energy current deUvered to line. 400 amperes. Power dellyered to 
line, 138.600 kw. 

No resistance loss and no energy dissipated along the line. 

I X pressure equal to approximately 80 per cent Et and measured by 
arc ad. 

RE SULT: 4 - t t wm T* The 

If no power is lost along the line, then load current h - fs - is. tno 

Une-eharglng current is shown by the line * n and is 

along the line. At a point of approximately 80 per cent load, the Une- 
current /' m' furnishes a uniformly distributed capacity • 

which makes the voltage equal at all points along the line. (See conclusion, 

*'^rom 80 per cent to full load uniformly distributed capacl^ current mMt 
be ared to the charging cui-rent, as shown by f es be^^n ^ 
and the curved line m'm and also between the Ime / and the curved 
line I' 1. The power factor would be unity. 

To correct accurately the voltage from no-load to 80 per 
would have to have distributed inductance, as shown by the Imes 

the curved line o m' and also between the Ime k ?' and 
the curved line o The power factor would agam be unity. 

which may operate as capacity or inductance at the wiU of the operator. 

far we have not considered resistance losses, but they are easily 
taken into account as will be shown. 

This adjustable “loading" of the line to ^“^"elSe 

in phase with the voltage is comparable to the “loading of telephone 

lines for long-distance circuits. 
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Conclusion 

Such a system of constant potential transmission 
is practical, and is the only practical way of giving 
perfect service for long lines. Retransforming or 
regeneration or direct-current schemes for long-distance 
transmission will not give as good service and the shocks 
that are likely to come on the line are much greater 
than for the constant potential system. Such a system of 
‘loading” the transmission line to rotate the current 
through approximately the same angle as the pressure 
is rotated is necessary for all very long distance trans¬ 
mission, thus causing the reactance pressure to be 
always tangent to voltage circle. This “loading” 
to maintain the current and voltage approximately 
in phase eliminates the question of the natural periodi¬ 
city of the line, and hence the frequency may be selected 
independently of this point. 

The voltage being constant there is a gradual de¬ 
crease of current to make up the dissipated energy 
of the line. The angle between the generator and 
receiver voltages of a 150-mile section will be about 
23 deg. at full load, 60-cycle, and the angle decreases 
per 150-mile section as the current decreases. 

The power factor of line is good, being 0.99 or better 
from about 80 per cent to full load, and hence efficiency 
of line is 90 per cent for 200 miles, and 90 per cent for 
each section of 200 miles, with the result that power 
may be transmitted 600 miles with an efficiency of 
about 75 per cent and 1000 miles at an efficiency of 
about 65 per cent. For distributed loads the efficiency 
would be higher. 

Such a system, with say three or four circuits, and 
synchronous condenser and switching stations about 
every 100 miles, may have automatic disconnection 
for any 100-mile section of each line without disturbing 
the service. Short circuits should he easily handled. 

The synchronous condensers “tie down” the points 
of the system. Any tendency to raise or lower the 
line voltage is instantaneously counteracted by the 
condenser—in this respect acting like air “electric 
gyroscope.” 
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Fig. 4—Regulation of Line Alone 



Leading or Lagging Current Added at Middle and Each End of Line 
CONDITIONS: 

Length of line, 300 miles. Voltage at middle and each end constant at 
200,000. Charging current, 200 amperes. 

Energy delivered to line, 400 amperes. Power deMvered to line, 138,600 
kw. Total energy loss including / 7? = 10 per cent. 

/ X pressure equal to approximately 80 per cent Ei and measured by 
arc a d. 


RESULT: 

Since tlie arc a d is 80 per cent of the radius o a, the angle d o a is 0.8 
radian « 46 deg. (approx.). 

Since the voltage at each end of the line is constant, the energy loss will 
appear as a reduction in load current, diminishing in direct ratio to Une 
Sth! hence if/. = 400, /, = 0.95 X 400 = 380, 0.90 X 400 =360. 

The curve Im represents a uniformly distributed capwity current 
which will Eive cdual voltage at all points on the line at fnU load. The 
length of 1 m is approximately equal to 380 X 0.8 - 304 amper^. 
charging current supplies 200 amperes of capacity current, 
amperes to be supplied by synchronous condensers. One-half of this 
Is^o be supplied by a synchronous condenser in the of the section, 

one-auarter by the generator, if this is the first section of the line; and if 
not by the synctonous condenser at the end of the section toward the 
ptefho^e The remaining quarter is to be supplied by a syncluonous 
crd^nser at the far end of the section. This synelnonous conde^«. 
however, will be the same capacity as the one at the “idiU® ^ the 

the excess capacity to care for load power factor correction if it be the 
JaL^nns of^L line or to furnish the initial capacity current required in 
next otiine. This makes the condensers 18,000-kv-a. 

(S') X 200 000 X V 3 ) capacity, or say 20,000-lcT-a. to afford a safe margin. 

for eacf 150-mUe Sion of line where there are no tranrformers or other 
Change the / if and / X 

transformer resistance and reactance are mcluded. the diagram will have 
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to be modifled to fit a section of line enough shorter than 300 miles, so 
that IX and I R including transformers are 80 per cent and 10 per cent 
respectively. This lowers the charging current and increases the size of 
synchronous condensers required for the section. In considering the 
300-miie section, the transformers for the synchronous condensers are 
small and the magnetizing current will be supplied by the condenser. The 
section is considered as if no transformers were present. 

The voltage on a 300-mile section at no-load varies less than 1 per cent, 
if the charging current is supplied one-half at the middle and one-quarter 
at each end of the line. The power factor at each end of the 300-mile 
section wiU be practically 0.99 and the entire section will have a power 
factor between 0.99 and unity, from 80 per cent to full load. (See Fig. 3). 


Since transformers can be designed so that increase 
of line voltage gives a very rapid increase of magnetizing 
current, we have here, as well as in the synchronous 
condensers, automatic magnetic brakes acting against 
increases in voltage. 

Corona losses increasing with voltage, if size of 
wire is chosen near the corona point, will also auto¬ 
matically act against increases of speed and voltage. 

The voltage strains on insulators, switches and 
transformers of such a system will be much less than 
where the constant potential control does not exist, 
and hence we very largely solve the insulator problem 
by the voltage control. 

The “loading” of the line with transformers designed 
for a rapid rise in magnetization with increases in 
voltage, the transformers having secondary or ter¬ 
tiary windings connected delta, connected to synchro¬ 
nous condensers at proper distances, will reduce the 
insulation rises so that 220,000-volt lines will have 
less insulation overstrains than present high-voltage 
lines. . Adding to this the improvement to be obtained 
by decreasing the duty on the line wire insulator units, as¬ 
sures the success of very long transmission lines—^practi- 
eaUy removing the distance limitation to electric trans¬ 
mission. This method of transmission also eliminates 
the necessity for further consideration of d-c. trans¬ 
mission as the a-c. system has the advantage of the 
constant-voltage feature, for any conditions of loads 
and power supply, and has other advantages over the 
d-e. system. 
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100 50 0 

I M 1 I I - 

Fig. 5 —Regulation 
CONDITIONS: 

End sections of line ea 
formers, 40 per cent, i 
Charging current, 68 an: 

Intermediate sections 
I R pressure, 10 per cer 

Full-load generator v 
first synchronous conden 
I cos d at generate 
condenser station is 100 
line to care’for energy lo 
unity, and that the curr 
resistance losses as showi 

RESULT: 

Generator Section: Se 
generator and transforn 
at other end. Apply tl 
modifying it as to gen 
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carries only one-quarter of the capacity current instead of one-half as 
shown, the other one-quarter to be supplied by the first condenser in the 
adjoining section. 

Second Section: Conditions exactly as in Fig. 4. 

Third Section: Current is now 90 per cent J, hence the I X pressure 
is 90 per cent of its value in section two = 0.90 X 0.80 Ey = 0.72 Ey. 
The arc length representing this pressure is therefore reduced and the angle 
becomes 0.72 radian = 41 deg. 15 min. The capacity current required is 
360 X 0.72 = 260 amperes (approx.). The charging current is 200 am¬ 
peres, leaving 60 amperes to be supplied by the condensers as in section two. 

Receiver Section: Current is now 80 per cent I, hence the I X pressure 
is 80 per cent of its value in the generator section = 0.80 X 0.40 Ey ~ 0.32 
Ey. The angle now becomes 0.32 radian =18 deg. 20 min. The capacity 
current required is 320 X 0.32 = 102 amperes (approx.). The charging 
current is 68 amperes, leaving 34 amperes total to be supplied by the 
condensers at the ends of the section. 

If the load power factor is 95 per cent lagging, then the terminal con¬ 
denser current will have to be increased by p9 amperes to rectify this 
load, and the kv-a. capacity would be (17 -1-99) X 200,000 X V3 = 40,000 
kv-a. approximately. 

NOTE: Power may be delivered to or from the line at any point. The 
load currents and synchi*onous condensers may be readjusted to care for the 
new conditions so that the voltage may remain practically constant. The 
power flow of the entire line may even be reversed and the constant volt¬ 
age conditions retained. 


II. INSULATION OF TRANSMISSION LINES 

The early transmission systems used the pin tsTpe 
of insulator, and lines up to 80,000 volts successfully 
used this type. Then the demand for higher voltages 
brought out the disk suspension insulator. Mechani¬ 
cally the disk insulator at first view seems an impossi¬ 
bility. But the insulator men have solved the 
difficulties and deserve a great deal of credit for the 
result. Suspension types can now be made with 
ultimate strength of 7000 to 20,000 lb. 

The insulator men have carried a large burden during 
the development period of the insulator. Sometimes 
this burden is made greater by the engineer or operator 
asking for some particular design which may not be 
as good as standards already made. The desire of 
the individual to write his name on something is at 
the bottom of many failures in engineering as well 
as along other lines of human endeavor. On the other 
hand pioneer work is required when conditions change 
and designs must follow fundamental laws. 

When the type of insulator for the high voltages 
changed to the disk type, it was assumed that the 
addition of more voltage merely required more units. 
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,But it was soon found that the results were not at 
all in proportion to the number of units in the string. 
Investigating the cause it was found that the voltage 
tended to “pile up” on the line unit. 

A very large number of tests has been made on 
voltage distribution, with various arrangements of 
controlling gradient, and also to determine the are-over 
characteristics, both dry and wet, for various control 
arrangements. These tests were made in the follow¬ 
ing places and under the supervision of the following 

men: -tv. 

Stanford University, Cal. Prof. Harris J. Ryan. 

General Electric Co., Pittsfield, Mass. F. W. 

Pock JTr. 

Ohio Insulator Co., Barberton, Ohio. A. 0. Austin. 
Thomas & Sons, Lisbon, Ohio. R. H. Marvin. 

Locke Insulator Co., Victor, N. Y. K. A. Hawley. 
Westinghouse Elec. & Mfg. Co., Pittsburgh, Pa. 

C F'orisGscu.©! 

I very greatly appreciate the interest shown by 
these men and acknowledge with thanks their hearty 

cooperation. _ vi • 

In the following pages the insulation problem is 
discussed in some detail, and the discussion is followed 
by an appendix giving the results of a large number 
of tests, the conditions for which are stated. Only 
a few of the tests made are given. 

Insulation of Transmission Line 
In the insulation for transmission lines we must 
consider the following: 

1. The air insulation strength. 

2. The porcelain insulation and mechanical strength. 

3. The voltage distribution. 

4. The leakage resistance gradient over the surface 

of the insulators. 

5. Insulation of switches, transformers,^ etc. 

6. Wet and dry arc-over of line insulation. 

1. The Aik Insulation 

Engineers and operators have been prone to blame 
the insulation difficulties on the air. But as a matter 
of fact, air is, except where we have salt spray, etc., a 
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very good insulator. Peek (whose work on Dielectric 
Phenomena is a classic in engineering) has shown in 
his book that it requires only about three inches of 
air between 10-inch spheres to prevent break-down for 
130,000 volts to ground, which is about the voltage 
to ground for a 220,000-volt line. Two 20-ineh 
spheres, spaced two feet, give a factor of safety of about 
four. We are using over six feet from wire to ground 
at the towers (15 feet between wires in the span), 
but we do not get a factor of safety commensurate with 
the distance. 

With wires about 1 inch in diameter we need never 
fear break-down of the air between the wires a few 
feet away from the insulators, and if it were not for 
the reduction in the equivalent spacing at the tower, 
due to the insulator breaking the distance into a num¬ 
ber of parts, with unequal stress on the separate units, we 
could reduce our spacing in the span and thereby re¬ 
duce the height of the towers. 

Fig. 6 shows the voltage air gradient for a wire 
0.91 in. in diameter at 220,000 volts, and also the gradi¬ 
ent for a wire 0.47 in. in diameter for 110,000 volts. 
It is seen that the gradient is very high near the sur¬ 
face of the wire, and very nearly the same in the two 
cases. The break-down value of air is about 20 kv. 
(effective) per cm. (The size of line wire is purposely 
chosen so that increases of voltage much above normal 
will increase materially the corona losses, as this is a 
safeguard in case of rise in voltage due to speed rise 
or otherwise). At a distance four cm. from the surface 
of the 220,000-volt wire the gradient is only about 
4 kv. per cm. In the span, away from the insulators, 
any tendency to produce visual corona has the effect 
of enlarging the effective diameter of wire so far as 
surface gradient and break-down are concerned, hence 
the air in the span does not break down for any volt¬ 
ages that may be reached in operation. 

Coming now to the line clamp fittings and insulator 
pin of the first unit, we see that we have here very high 
air gradient, due to small diameters, angles of bolts, 
fittings, and also due to the small pin of the bottom 
insulator. When excess voltages come on the line they pile 
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upmostofitattheinsulatorunitsneartheline wire.^ This 
breaksdown the airwhereitishighlystressedatthelinefit- 

tings, and the air breaks down serially from one unit to 
another, by transferring the high electric stress from one 
unit to another in the string. (Corona also forms acids 

which attack the metal fittings.) Itisnecessarytoprevent 

incipient corona pluming or arcs at the insulators, if 



the transmission line is to be fully 

I mean the insulation of the line must 

line should give as good operating results as the to 

formers or other transmission apparatus Of eours^ 

thTline is subject to damage “lalicioujy, or due to 

^id “t, but thuue the line stold be made 

as reliable as the remainder of the system. 
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Attempts made to reduce the air grading at the pin 
and fittings by the use of ''shields^' (these will be ex¬ 
plained later) have led to fairly satisfactory results. 
And it seems necessary to shield the line wire and fit¬ 
tings by enlarging the conductor diameter by some 
such cylindrical (or double cone or plane) shield as 
shown in Figs. 7 and 8. With such a shield the visual 
corona near the insulator may be raised far above the 
operating voltage. The fittings of the insulators of 
the string should also be designed to prevent high air 
stress. 



2. The Poecelain Insulation 
Porcelain when well made is a good insulator, and 
will not puncture under the stress conditions placed 
on it, if the other elements in the insulation are cared 
for. The metal fastenings to the “cap and pin” disk 
types of insulators add a mechanical depreciation 
factor because expansion and contraction are not the 
same for the porcelain and the metal parts, and the 
cement used to fasten the parts together. By careful 
manufacture, a very tough porcelain can be made, in 
which depreciation from expansion and contraction 
can be very much reduced. Careful selection and 
working of the clay, and sufficient time in firing 
give a very high-class insulator product. 

Impregnating the cement, to prevent absorption 
o iMisture, has given good results, according to Mr. 
B. E. P. Creighton. Some means of keeping the 
moisture out of the cement, and careful mixing and 
^ttmg of the cement initially, will no doubt reduce 
the mechanical failure due to these causes to very 
low valu^. I have always contended that we should 
finally obtain insulators that do not depreciate. 
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In the link type of fastening the mechanical depre¬ 
ciation from expansion and contraction is very largely 
reduced, but in the types now made we are restricted to 
small diameter of metal parts, and it is necessary on high- 
voltage lines to shield the links—at least those in the 
lower part of the string. (Fortunately this also 
improves the grading of the string as will be seen later). 

The depreciation, due to expansion and contraction, 
is largely one of cost, and as it is a slow process and 
we have a factor of safety in the number of units in 
the string, we may dismiss the mechanical failure 
from the above causes as not affecting good service 
with good inspection. 

The mechanical strength of all the standard insulators 
is from 7500 to 10,000 lb. and over, and these can be 
increased 50 or 100 per cent, where necessary, so that 
we have ample factor of safety for the mechanical 
suspension of the line wires. 


3. The Voltage Disteibution from Line to Ground 
Figs. 12 and 13, and plates, Dl, D2, D3 and D4 in 
the appendix, show the voltage gradients for cap and 
pin insulators and also for the link type. It is seen 
that for the voltage corresponding to that between 
line’wire and ground, the total pressure is divided 
very unevenly among the units. In the cap and pin 
string of 14 units the volts on the line unit are about 
25,000, or about 2.5 times the average, but about six 
times the volts on the units near the ground end. 
In the link type as shown, we have even a worse ^se 
of distribution of pressure, the maximum being about 
37 000 or four times the average, and about ten 
times the stress on the units nearer the groun en 
of the string. This .unequal stress on the units also 
causes unequal stress on the air, hut most 
it does not distribute the leakage resistmce along the 
string uniformly. The maximum air 
ses are from six to ten times the average. Reduc 
tion of the maximum stresses is therefore ve^ 
important, and the result desired is that there mil 
be more nearly average resistance stresses over 
entire string, for the worst practical conditions. 
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Discussion of Cause of Poor Gradient and Method 
of Cure. Before we can say we fully understand a 
subject we must be able to express the facts in words 
mathematically or by diagram. Before we can ration¬ 
ally analyze an insulator we must know the factors 
which will limit the maximum stresses, which are: 

1. The air stresses, 

2. The leakage resistance stresses, 

3. The insulator unit stresses. 

The air stresses we know, as shown by Fig. 6, and to 



Fig. 8—Line Shield and Pin Shield 
N umbers on edge of porcelain are for measuring leakage paths. (See 
Fig. 14.) 

control this factor we must enlarge the conductor at the 
insulator, as shown in Figs. 7 and 8. The first con¬ 
trolling factor for satisfactory insulator characteristics 
then is that we must have metal parts designed to 
give low air stresses at the line wire, and also along the 
string of insulators, at least near the line wire end. 
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The unit stress affects the leakage stress and there¬ 
fore it is very important also from this standpoint to 
reduce the maximum unit duties. The maximum 
leakage stress can be reduced (1) by reducing the unit 
voltage and (2) by enlarging the pin as shown in 
Fig. 8, and by the design of the resistance path from 
metal to metal as shown in Fip. 14 and 15. The 
enlargement of the pin and the shield over the line wire 
also reduces the maximum voltage on units near the 
line. The importance of reducing the maximum value 
of the leakage gradient is shown by the fact that in 
the pin type of insulator with the close fitting inner 
shell, better operating results are obtained by breaking 
off the inner shell. Here is one way of reducing the 
rna-gimum leakage gradient, but the design s ou 
take this into account. This’will be further dis¬ 
cussed under (4): The Leakage Resistance Gradient 
over the Surface of the Insulator. 

Hence, we have these two factors, (1) the enlargement 
of line wire and metal parts, and (2) the enlargement 
of pin, to start with to give us a satisfactory insulator. 
As will be seen, taking care of these two points helps 
the grading of the units fairly well. 

The third factor, the grading of the units, requires 
that we be able to understand the reasons for the 

^*Tn Steipt to explain this is here given ^ ^ 
way that the drawing of a few lines may show the char¬ 
acteristic of any insulator string, knowing <;^n f actOTs 
relatively only. It is not contended that we h^e ^ 
the facts necessary to explain every condition but the 
method does give a simple and practical way 
plaining many of the observed results, and it is hoped 
£ the metLd given will lead to. a further etady of 
the subject, so that we may design or fw'yto 
design of insulators in the same way as any other 

est^J^nd Table 9 d give the ^planation 
whVeh results fiom a study of the distribution curves 

shown in Figs. 10 and 11. r^.ornrdf>d 

(The individual insulator string may ke^regarded 
^ as a short section of transmission line with the Jf 
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voltage between ends, and with load currents, B, 
taken off at the different sections (or units) and load 
cxirrents, C, being supplied to the sections. The 
load currents, B, depend on the voltage at the particular 
section.) 

Referring to Fig. 10, which is a voltage distribution 
test curve of 14 cap and pin units, as shown by Curve 
I, this curve represents the voltage across the units, 
but as the voltage is proportional to the currents 
through the units the curve also represents, on some 
scale, the currents. Now the difference between the cur¬ 
rent through No. 14 and No. 13 units, for example, is the 
net current from the metal connecting parts to tower 
or ground. Taking the differences of the voltages and 
plotting them from the line a a' we get the Curve II, 
which represents the net currents flowing from or to 
the string. It will be noted that below the fifth unit 
the currents flow from the string and above that 
point the currents flow from the air to the string. 

In trying to find a physical explanation for this 
condition we draw the insulator string gradient and 
the air potential gradient on the left hand of Fig. 10, 
and from the knowledge gained from Curve II 
we see that where the net current from the metal 
part is zero the string potential and the air potential 
must be the same. Also we see that the sum¬ 
mation of currents above the line where distribu¬ 
tion Curve I cuts the average voltage, must be zero 
and that the current c' a’ at the top cap must be due 
to the current flowing to the cap only, as this cap is at 
zero potential. From this and from calculation of 
the potential drop through the air near the line wire 
(which we know follows a logarithmic curve) and from 
the fact that the air potential reaches zero at some 
distance above the crossarm in the span, we draw the 
approximate air potential. The difference between 
the air and string potential causes th*e currents to'flow 
to or from the string as in Curve II. 

We know that the currents from the metal parts to 
tower or ground would be approximately proportional 
to the voltage and hence a line a' b may represent this 
current. Replacing the curved line II by the straight 
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line III for simplicity of treatment and now calculating 
the gradient, we get Curve IV which approximates 
Curve I fairly closely. At the lower unit, due to the 
high electric stress, there is added potential to the lower 
unit. The difference between the line a' b and c' c 
represents approximately the currents from line wire 
to metal parts. This is the experimental basis for the 
discussion given in Fig. 9, in which 9 b is supposed to 
represent the physical conditions, 9 a the electrical and 
9c the diagrammatic conditions. Fig. 11 gives the 
experimental results for the link type of units. 

While not considered exact, the analysis does help 
us to understand the insulator problem. 

Satisfactory voltage distribution may be obtained, 
as shown by Figs. 9, 10 and 11 and also by Figs. 12 
and 13 and the distribution curves in the appendix; 

1. By use of ring shield, 

2. By use of insulated horn shield, 

3. By grading the lower one-third of the units, 

4. By combining pin-type insulators at line end with 

disk-type for the upper end of string. 

Methods 1 and 2 are very similar and accomplish 
the result by control of the field, by reducing the B 



• Analysis op Distribution Curves 

Fig. 9a slws - 

conductor and the feSe potential cmve we 

straight line marlced unifom voltage drop were uniform along 

would get for the antual voltage 

the string. The curve marked the point d the air 

along the string from tower to ^ t causing a flow of current 
potential Is 1°-- 

4r.r.“S'..S’ ... 
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First', Jx ■which is the series current flowing through the string. This 
current varies as the voltage across the string and inversely as the number 
of units in the string. For convenience, we will assign a value of 10 to 
thte current in a string of 12 cap and pin-type units with a duty of 10 kv. 
per unit or 120 kv. for the string. 

Secondz which is the capacity current from cap to tower or ground, 
varying directly as the voltage between cap and ground. In a string of 
12 cap and pin-type units where 7^, is taKen as 10, the current per 
unit, will vary from zero on the cap attached to the tower to approximately 
6 on the cap of the unit next to the wire. flowing in the string at any 
point is the summation of the currents from all caps between the point 
considered and the grounded end of the string. 

Third'. Iq which is the capacity current from the wire to each cap. 
Since the impedance path consists principally of the impedance of the air 
between the line and unit, and then in series through the insulator string, it 
is practically constant. In a string of 12 cap and pin-type units where 7^ 
is taken as 10, iq, the current per unit, will be approximately constant at 
2. 7c flowing in the string at any point is the summation of the current 
to all caps between the point considered and the grounded end of the 
string, and may be considered as of the opposite sign to current 7^. because 
of the fact that the current is arriving on the insulator cap from the wire, 
and not flowing off the cap to tower or ground. (Note: Currents from 
cap to cap practically balance.) 


TABLE 9d 


Unit 

Series 

Capacity Current 
Cap to Tower 

Capacity Current 
Wire to Cap 


Current 
in String 

2 

"b 

Ic 

Ia 

In Tinit 

In string 

In unit 

In string 

■^C 

In string 

1 

10 

0 

0 

2.00 

2.00 

8.00 

2 

10 

0.55 

0.55 

2.00 

4.00 

6.55 

3 

10 

1.09 

1.64 

2.00 

6.00 

6.64 

4 

10 

1.64 

3.28 

2.00 

8.00 

5.28 

5 

10 

2.18 

5.46 

2.00 

10.00 

5.46 

6 

' 10 

i 2.73 

8.19 

2.00 

12.00 

6.19 

7 

10 

3.27 

11.46 

2.00 

14.00 

7.46 

8 

10 

3.82 

15.28 

2.00 

16.00 

9.28 

9 

10 

4.36 

19.64 

2.00 

18.00 

11.64 

10 

10 

4.90 

24.54 

2.00 

20.00 

14.54 

11 

10 

5.46 

30.00 

2.00 

22.00 

18.00 

12 

10 

6.00 

36.00 

2.00 

24.00 

22.00 


Table 9d shows the result obtained by using the values given above for 
Ia' and i'c. that is 10, zero to 6 and 2, and applying to a string of 12 
cap and pin-type umts. The voltage duty is assumed as 10,000 volts 
per unit or a total of 120,000 volts for the string, and since the potential 
Terence is proportional to the current flowing, w^e have a measure of 
the umt voltage duty when we Know the current flowing. By ta u-ing the 
values of 10, 6 and 2 instead of some other set of numbers bearing the 
samejatio, the summation curve when plotted as in Pig. 9c. may be read 
directly in Kilovolts duty per upit. 


1 he relative values of the A. £ and C currents as taken above hold 

voltage duty averages 

10,000. For the Hewlett type insulators the B and C currents are ap- 

^ ^ pin-type units, but the series 

capacity of the Hewlett is approximately only two-thirds that of the cap 
and pm t^e, hence keeping 7^ at the same value of 10, the B and C values 
will be relatively larger and the ratio becomes A :B : C =* 10 • 0 to 9 • 3 
tWs relationship a curve for a string of Hewlett-type insulators 
similar to the curve ia Pig. 9c may be plotted. 
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Analysis of Distribution ^ constant 

To plot the voltage distribution curve lay off “ “ " ^ ^ g g thus 

.aluefor each^t. lay ofl^'ft ^ch that 

'^r„®thatTo—“cr. 2 0 Tke^^^^ curve Is now found by 

adLg me values represented by a' a. a constant, ^d the^^alues of c c 

“^OT^tn aut—thl “JL JnS haveb^en cons^e^- 
the difference between the B and C currents, a P 

^piiX;— 

**“The point of minimum duty occurs at approrfmately 

ine pujxiu u j , +^^o, ■xrrkitnff’ft dutv curve crosses tue aver 

tance from tower to conductor, and the voltage duty cur ^ ^ ^ ^ 

^T^s'^ran^u' :bov: r^oLr:, the« - 

ttie only part of the string requiring gradmg rs the unbalanced 

one-third. , ^nrvps for other length of 

Having given the curve ov^ra^e value of 10 000 volts per 

S?,^rCbetarL”pa^T W 

appued at the tower end of 

the string and two-tods at 4“® ^ice the total voltage across 

The A current will remam at 10 as netore smce ^ 

the string bears the same ratio to XX^ofTOtoge change wffl not be 
wlil remain 6/11 as before because the rate of voltage mang 

altered. If we shorten the string by ttoee point stffl 

the top and two from the bottom m ® j ^ the B current 
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string is c'' =10 — 1.45. Similarly we may plot a six or three-unit curve, 
or increasing the string length, a 15-umt curve. 

•^Improving Distribution by Grading: As shown by 9c and by Figs. 10 
and 11, the summation ot the currents (B-C) from or to the string are 
balanced above e, the point where the curve cuts the average line. If 
therefore we grade the units below e to bring the voltage of these units 
to near the average, then the upper part of curve will rotate to the right 
around e as center, or the curve above e will move horizontally to the right, 
due to stress taken from the lower units being added to the upper units, 
thus improving the enthe string distribution. It is found this can be 
done very well by making the four lower units larger as so to give larger 
pins and adding to capacity by fixed shields around pins. This also 
reduces the leakage resistance stress on lower imits. 

Improving Distribution by Shielding: By raising the air potential 
opposite the lower units, the C currents may be increased and the B cur¬ 
rents decreased. This improves distribution, but it also has effect of adding 
to air potential higher up and this increases the currents to the upper part 
of string, and the dry arcs tend to go to ground through the upper third 
of the insulator string. Note Figs. 28 and 29. Raising the line wire 
potential above the lower units is also objectionable for several practical 
reasons. 


currents and increasing the C currents. (The B cur¬ 
rent refers to the current from metal parts of units to 
tower or ground and the C currents to the currents 
from line wire to metal parts of units, as shown in 
Mgs. 9, 10 and 11). The disadvantage of raising the 
air potential above the units is that this also increases 
the C or line currents to the upper part of the string. 
And the dry arcs tend to break into the upper third 
of the string. (See Figs. 17 and 18.) By the use of 
the pin shields and line shield, the height of the ring or 
horn shield may be reduced and part of the objection 
to the shields removed. 

By method 3 we keep the potential of the string 
as high as possible above the air potential, and hence 
tend to prevent the arcs from breaking into the string. 
By using four large diameter units, with larger pins to 
increase the electrostatic capacity at the line wire end, 
and by using the line shield, we get a very simple string! 
It is possible to use the four large units and a low ring or 
short insulated horn shield to further grade the lower 
two units, if desired. By this method the size and 
height of the shield as used in method 1 and 2 would 
be reduced, thereby making the shield less ob¬ 
jectionable. The air potential gradient from line wire 
to tower should be made as flat as possible, as a steep 
gradient invites arcs. This means a long string; and 
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the air potential due to the line wire should be as low 
as possible. 

By method 4 the string potential is brought close to 
the air potential. This method is merely given here 
as a possible method, as it has not been worked out 



Fia. 10 —Actual and Calculated Gradients—Cap and 
Pin Insulators—14-XJnit String— 127 rv. 


Cui've I. Actual gradient by test. 

Curve II. A + (B - C) from test. 

Curve III. (Straight line). A + {B — C) calculated, by assuming 
« 6. C = 2. 

Curve IV. Gradient in kv. calculated from Curve III. 


lA + s (J5 - C)]. 

Curve V. Extension of Curve II as 


it would be were there no dis¬ 


turbance of field due to lower pin and line wire. 


practically. N o doubt other methods combining the pres¬ 
ent disk insulators with larger units at the line or with 
bushings or other types at the line end will be worked 
out. 

Under wet conditions the potential distribution of 
the string improves materially. But the most im¬ 
portant condition is the leakage distribution with 
dirty insulators as they become wet or dry. 
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Because of the large leakage surface and the low cost, 
and the conditions of the electric field in the upper 
two-thirds of the string, the present disk type of in¬ 
sulator meets the problem of the upper two-thirds of 
the string very well indeed. 

I have no doubt the insulator men will work out a 
satisfactory solution for the insulators near the line 



Fig. 11—Actual and Calculated Gradients—Hewlett 
Insulators—14-Unit String—127 Kilovolts 

Curve I. Actual gradient by test. 

Curve II. A + (B - C) from test. 

Curve III. (Straight line). A + (B — C) calculated by assuming 
B = 9, C = 3. 

Curve IV. Gradient in kv. calculated from Curve III. 
[A -f S (B - C)]. 

Curve V. Extension of Curve II as it would be were there no dis¬ 
turbance of field due to lower pin and line wire. 

wire, and reduce the leakage resistance stresses and the air 
stresses to less than one-half of those now prevailing 
on 110,000 to 175,000-volt lines. This is necessary 
in order to give a satisfactory operating string, in 
my opinion. Let all work to that end. 

With the ungraded string the factor of safety is 
at the tower end instead of at the line wire end of the 
string. We should treat each insulator string as we 
have the end windings of transformers, not add more 
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turns (or add more units), but increase the insulation 
or decrease the voltage stress on the units near the 
line wire, so that these can absorb the excess voltages 
due to switching etc., without undue stress. This 
can be accomplished by making the lower one-third 
of the units larger, with internal electrostatic capacity 
added to reduce the voltage, and by the use of a low 
external shield, which latter may be combined with 




8 12 16 20 24 S 12 16 20 24' 

KV. ON SECTION KV. ON SECTION 


Fig. 12a —^Voltage Disteibution with Insulated Hoen 
Shields and Line Shield 


For 220-kv. line. 

No. of sections in string—14. 

No. of controls—4. 

Size of controls—1 1/4 in. pipe. 

Height of controls—9 in. 

Spread of controls—23 in. 

Angle with plane of conductor—45 
deg. 

Insulator on controls—No. 11623 
spec. 

Conductor shield—5—1-in. pipes 
spaced 60 deg. apart on 12-in. circle. 

Te^ts by A. 


For 220-kv. line. 

No. of sections in string—14. 

No. of controls—2. 

Size of controls—2 in. 

Height of controls—8 1/2 in. 
Spread of controls—23 in. 

Angle with plane of conductor— 
90 deg. 

Insulator on controls—No. 11623 
spec. 

Conductor shield—5—1-in. pipes 
spaced 60 deg. apart on 12-in. circle. 
O. Austin 


a pin and line shield to reduce the stresses on the lower 
unit to satisfactory values. 

4. The Leakage Resistance Gradient Over the 
Surface op the Insulator 
In Fig. 14 is shown the theoretical resistance gra¬ 
dient for the standard insulator shown in Fig. 10, for 
the standard pin, and for 23,000 volts between cap 
and pin. It will be noticed that the resistance 
near the pin is very high and drops very rapidly in 
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the first inch, due to the increase in the area of the 
leakage path. By enlarging the pin diameter we may 
reduce the maximum gradient near the pin very 
materially and increase the voltage gradient of the 
remainder of the insulator only a small amount as 
shown. The shaded area R 10 is equal to the sum 
of shaded areas rj + r 2 + r^, etc. This result should 



Pia. 12 b—Cap and Pin-Ttpb Units Graded for Voltage 
Distribution—Locke Insulators 

Curve I. 14—No. 5800—10-in. cap and pin type. Ungraded. 

Curve II. 1—12-m. special; 13—No. 5800. Ungraded. Corona 

ab. ields on under side of 12-in. unit. 

Curve III. 2—12-in. special; 12—No. 5800. Ungraded. Corona 

shields on 12-in. 

Curve IV. 3—12-in. special; 11-—No. 5800. Ungraded. Corona 

shields on 12-m. 

Curve Y. 4—.l2-in. special; 10—No. 5800. Ungraded. Corona 

shields on 12-m. 

Curve VI. 4—12-in. special; 10—No. 5800. Graded by two 4-in. 
by 24-in. parallel tubes at third unit. 

Curve VII. 14—-No. 5800—lO-in. cap and pin type. Graded by four 
loops of 3/4-m. pipe. 

Curve VIII. 14—No. 5800—lO-in. cap and pin type. Graded by 
1 1/2-in. by 30-in. ring at center of third unit. 

Tests by K. A. Hawley. 
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be approximately realized if we short-circuit the part 
of the leakage resistance path near the pin as proposed 
by the use of the sleeve shield around the pin, as 
shown in Fig. 8. 

Fig. 15 (data from tests by Prof. H. J. Ryan) is 
very interesting, showing that for the ungraded or 
unshielded unit we get actually a higher voltage at 
the edge of the disk than we do at the cap. ^ This is 
no doubt due to the flux density near the line wire. 
We actually get 19,000 volts on the first inch of the 
leakage surface. 

By short-circuiting to the first petticoat and putting 
a shield over the line wire, the voltage gradient is 
reduced one-half. By short-circuiting two petticoats 
we get a much better curve as shown by V and VI. 
Further study along this line is advisable. 

The distribution of the resistance leakage stresses 
over the string and over each unit as uniformly as 
possible is, of course, the thing finally desired, and this 
is the main reason for striving for good string distri¬ 
bution of voltage. It is desired that the distribution 
remain as uniform as possible for all conditions oc- 
curing in operation. 

5. Insulation op Switches, Transixirmers, Etc. 

In the early days of electric power transmission 
the transformers, switches, etc., were housed to pro¬ 
tect them from the elements. As the number of sub¬ 
stations increased it was found often that the expense 
of housing the apparatus cost more than the appa¬ 
ratus. Hence there was developed outdoor apparatus. 

The very large amount of space required for the 
220,000-volt substation switches, etc., of course, makes 
it advisable to use outdoor apparatus so long as the 
total cost is less than where it is protected from the 
elements. Probably transformers and disconnecting 
switches can be more economically placed outdoors 
than in a building. But the oil switch may give a 
different conclusion on account of the fact that the 
enlargement of the bushings for the outdoor use also 
enlarges the tanks more than otherwise necessary, 
so that due to the increase in the bushing, the cost 
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of the switches for a given kv-a. capacity may vary 
somewhat as the square of the voltage, if all the ele¬ 
ments of design are carried out consistently. That 
is, a switch for 220,000 volts may cost nearly double 
the cost of a switch for 150,000 volts due to the in¬ 
crease of the tank and oil, etc., as a result of the in¬ 
crease of the size of the bushing. 

Now the size of the bushing is largely determined 
by the wet arc-over condition. A bushing for a 165,000- 
volt switch has a dry arc-over of about 480,000 to 520,000 
volts. The wet .arc-over of a 220,000-volt bushing 



0 20 0 20 40 

PERCENT TOTAL VOLTAGE 




0 20 . 
PERCENT TOTAL VOLTAGE 


The effect of proximity to walls— The effect of applied voltage on 

voltage distribution on string of five the distribution of a string of ten. 
insulators. 




PER CENT PER CENT 

TOTAL VOLTAGE TOTAL VOLTAGE 


Voltog© distribution Voltage distribution 
on string of ten tnsu- on string of twelve 
lators. Insulators. 



PERCENT 
TOTAL VOLTAGE 


Voltage distribution 
on two parallel strings 
of twelve insulators. 


Fig. 13a—Distbibtjtion Cvbves poe Hewlett Units 
As per tests by F. W. Peek, Jr. 
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will be around 400,000 to 450,000. (The wet arc- 
over for a 165,000-volt bushing is about 350,000 volts.) 

That is, by keeping the 165,000-volt switch, when 
used on the 220,000 lines, dry and clean, we have a 
greater factor of safety than we have for the 220,000- 
volt switch when used outdoors. And since the 165,- 
000-kv-a. switch will give all the rupturing capacity 
required, it will pay to use this t 3 rpe enclosed, if the 
cost of protecting it from the weather is less than 
the extra cost of the higher voltage switches. Of course 
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Fig. 13b-c-d 
Tests by R. H. Marvin 


all the above assumes that ample clearances are 
provided. 

This point does not come up in the case of transformers 
because the tanks are so large that the larger bushing 
cost is the only extra item to consider for the higher 
voltage. If the wet arc-over were increased by in¬ 
creasing the length and not the diameter, it would 
reduce the size of tanks, etc. 

Especially in view of the present development of 
the art of high-tension switches, we should not expend 
more for switches than necessary at this time. 

Hence, the protection of the oil switches from the 
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weather should be given careful consideration. In 
this connection it may be noted that the wet 60-cycle 
arc-over for a 14-unit clean string of disk insulators 
will be about 450,000 to 550,000 volts, but of course, 
under outdoor conditions, due to dirt, etc., the arc- 
over voltage will be lower. We want the switches, 
of course, to have a higher factor of safety than the 
line units. Roof protection only may be sufficient. 

6. Wet and Dry Arc-Over of Line Insulation 
High-Frequency Arc. The control of the high- 
frequency arc can be effected as shown in Figs. 16 
to 29. These tell their own story. The metal ring 



Fia. 13 b—Disteibittion Cubvbs foe Link and Cap and 
Pin Type Combined with Pin Type to Make Inshlatoe 
Stking Geadient Appeoximate Air Geadient 

Curve I. One 14-ia. special three-part Lapp pin-type insulator next 
to line and nine 10-in. Ohio Braes Co. cap and pin-type insulators between 
these and the tower. No shields. 

Curve II. Two Thomas pin-type No. 13012 insulators next to line 
and seven linic-type insulators between these and the tower. 6-in, by 
3-ft. 0-in. cylindrical clamp shield. 

Curve III. Thomas pin-type No. 13012 insulators at top and bottom 
with six Thomas cap and pin-type No. 1149 between. 6-in. by 3-ft. 0-ln. 
cylindrical clamp shield. 

127,000 volts duty on all three strings. 

Tests by H. J. Ryan. 
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shield also gives satisfactory high-frequency arc 
control. That we need not worry about high-fre¬ 
quency arcs is shown by these illustrations, Figs. 18-21. 

60-Cyde Dry and Wet Arc-over. The dry arc-over 
voltage for a 14-unit string of insulators, shielded with 
ring or insulated horn shields, is about 700,000 volts, or 
50,000 volts per unit. The arc clears the insulators 
fairly well, but sometimes breaks into the upper third 
of the string. 

Under wet test the arc tends to follow along the string 



Fig. 14 —Calculated Resistance Gbadient and Method 
OF Reducing Maximum Gradient 
S urface resistance integral curves for Ohio Brass Co. Insulator No. 25620. 

Area fill) = Area ri + ra + r« .. + rs. 

See Fig. 8 for leakage path measurem^ts. 

of insulators and the wet arc-over voltage is about 
60 per cent of the dry arc-over value, or about 450,000 
to 550,000 volts for 14 units, with precipitation of 0.2 in. 
per minute. The wet arc-over as well as the dry arc- 
over is affected by the string impedance and especially 
by the impedance of the upper two-thirds of the string. 

The control of the wet arc, to keep it away from the 
string of insulators, is important. The following tests 
were made to show that the arc can be controlled in 
direction and kept away from the string. Fig. 
24 shows the arc-over controlled so as to go 
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Fig. 15—Voltage Distribiftion over Insulator Surface 

Ohio Brass Co. Insulator No. 25620. 

CONDITIONS: 

Voltage duty over insulator string, 127 kv. to ground. 3/4-in. iron 
pipe used as line conductor. Standard clamp and hardware. 

TEST I: 

String of 14 units of O. B. insulators. Test on bottom unit. Rings 
of No. 14 B. &; S. copper fastened with wax in positions Shown. No 
control shields on string. 

TEST II: 

String of 14 units of O. B. insulators. Test on bottom unit. 

Rings of No. 14 B. & S. copper as above. 

6-in. diameter iron cylinder, 30 in. long, placed over conductor and 
extending along conductor 15 in. each side of insulator. Ends of cylinder 
rounded in. 

TEST III: 

String of 14 units of O. B. insulators. Test on bottom unit. 

Rings each replaced by two arcs of 1/4 circumference. Bisecting radius 
of arcs at right angles to line. 6-in. diameter cylinder as in II. Sheet 
iron cylinder around insulator pin between 6-in. cylinder and insulator to 
increase pin diameter out to position 1. 

TEST IV: 

Same as III, except bisecting radius of wire arcs parallel to line. 

TEST V: 

String of 15 units of O. B. insulators. Test on bottom unit. 

Rings of No. 14 B. & S. copper fastened in positions shown. 6-in. 
diameter cylinder as in II. Sheet iron cylinder around insulator pin be¬ 
tween 6-in. cylinder and insulator to increase pin diameter out to position 2. 

TEST VI: 

Four Hewlett insulators at top of string. Five O. B. insulators next. 
Four O. B. insulators with cylinder surrounding pin and in contact with 
cap below to give pin diameter out to position No. 1. Bottom unit as in 
Test V. Pin diameter to position 2 and 6-m. by 30-in. long cylinder 
around conductor. 

TEST VII: 

Stringof 14 O. B. insulators. Test on fourth unit from bottom. Bottom 
unit as in III except arcs replaced with rings of No. 14 B. & S. copper. 
Sheet iron cylinder surrounding pin of fourth unit and in contact with 
cap of third unit to give pin diameter out to position 1. 

Tests by H. J. Ryan. 
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to the lower crossarm. This is done by hanging two 
insulator units properly spaced below the line wire and 
then adjusting a pointer on the lower arm to direct the 
arc. The theory is that the units below the line will 
become dirty and wet and the insulation depreciate 
as do the line units. The adjustment for the wet and 
dry arc to travel to the lower arm can be very close 
to the arc-over for the string. Instead of hanging the 
extra units from the line wire, we may hang them from 
the lower arm, about two feet towards the tower from 
the line insulators. The wet and dry arc can by proper 
adjustment be made to clear the string. Instead of 
the insulators hung from the arm, we may hang a 
porcelain tube to direct the arc. The result here is 
even [more satisfactory than for the other two cases 
above. Test Sheets 1 to 4 in the appendix show the 
result of tests of various methods of arc control. 

While the wet and dry arcs may be controlled as 
above, it is believed this control should be used only 
as a final protection in certain places. The effort 
should be to eliminate the arcs entirely and it is 
believed this can be accomplished, except for cases of 
accident. 

Suppression of Incipient Corona or Arcs. I am con¬ 
fident from all my observations and studies that the 
final complete success of power transmission, at voltages 
higher than can be handled by pin-type insulators, must 
come from the design of the metal fixtures (including 
the line wire) in contact with the air and porcelain, 
so that the air gradient and leakage gradient will be 
reduced to low values, in order that there be no tend¬ 
ency for arcs to start, and the maximum unit and 
leakage resistance will also be reduced to low values. 
Corona should also be prevented on. account of the 
formation of acids. 

Only a small part of the tests made have been in¬ 
cluded in this paper, in order to keep it within reason¬ 
able length. The manufacturers and engineers have 
heartily cooperated in the tests, and I hope to see 
cooperation in manufacture to bring about confidence 
in the transmission industry as a whole. 
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Via 16—High - Frbqhency Fig. 17—High -Frequency Fig. 18—High-Frequency Arcs with 

Arcs with 4-in. by 24-in. Arcs with 4-in. by 12-in. 2-in. by 12-in. Vertical Shields with In- 

Horizontal Shields Vertical Shields sulator oyer Shield on Tower Side 

All tests made at Stanford University, Feb. 3, 1921. 
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Conclusion 

The insulator problem of the transmission line must 
be attacked as any other engineering problem. The 
attempt here made to give the results of work along 
this line will, it is hoped, encourage further study by 
engineers and manufacturers. 

The insulation problem, as does every engineering 
problem, reduces itself to working to certain unit 
stresses—mechanical and electrical—and to the main¬ 
tenance of certain factors of safety throughout the 
entire line structure, which includes insulators, towers. 



Fig. 19—High-Frequency Arcs with 2-in. by 12-in. Ver¬ 
tical Shields with Insulators over Both Shields 
All tests made at Stanford University, Feb. 3, 1921. 

switches, transformers, etc. This factor of safety 
should be as permanent as possible, which means^ that 
the depreciation of the insulator should be practically 
nil in service. This goal is being rapidly reached. 

It is shown that satisfactory voltage distribution 
at normal voltage may be obtained by different methods 
of shielding or by different methods of grading. Fur¬ 
ther work along this line is desirable in order to crystal- 
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Fig. 22—Wet Arc-Ovek—City Water—Three-Line Units 
WITH Internal Shields to Increase Electrostatic Capacity 

Wet 60 ^ arc-over at 505 Kv. on a string of 13 cap and pin units, graded. 
Ten LocJKe No. 6800 units at tower end; three 12~in. disk units at line 
end. 

5-ln. diam. tube, 4 1/2 ft. long, around the line conductor. 
Precipitation—0.2 in. per min. 

Tests at Pittsfield, Mass., April 15, 1921. 


lize the best methods into practicayforms, so that 
the insulator manufacturers will be able to furnish 
the complete line insulation equipment. 

It is believed that 220,000-volt transmission 's no 
more difficult than 110,000 or 176,000, if due consider¬ 
ation is given to the unit air and leakage resistance 
stresses, and the insulation of the line is carried out 
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consistently, as is, for example, the track system of 
our best railways. But this means, of course, that we 
must not have on a main-line track 120-lb. rail and 
60-lb. rail over which high-speed trains run. The 
factor of safety in the insulated string should be at the 
line wire end so that shocks may be absorbed without 
undue stress on these units. 


Pig. 23—^Wet Arc-Over—City Water—Three-Line Units 
WITH Internal Shields to Increase Electrostatic Capacity 

Wet 60 arc-over at 546 kv. on a string of 14 cap and pin units, graded. 
Eleven Locke No. 5800 units at tower end; three 12-in. disks at line end 
5-in. diam. tube, 4 1/2 ft. long, around the line conductor. 

Precipitation—0.2 in. per min. 

Tests at Pittsfield. Mass., April 15, 1921. 
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Double-string and dead-end insulator strings should 
be avoided wherever possible, and in place of these, 
extra strength units should be used, to allow insulators 
to swing clear-at angles as far as possible. 

Higher voltages than 220,000 are possible, but for 
practical reasons, as given in Part I, it is believed 
220,000 should be standard for extra large-power, 
long-distance transmission. Heretofore I have al¬ 


ways said we would go to higher voltages, because we 
had not reached the voltage required for extra large 
blocks of power and long distances. I believe 220,000 
volts is high enough to meet any situation in this 
country today. 

Itis the peculiar characteristic of nearly all electrical 


Pig. 24—Wet Arc-Over, 467 kv.-™14 Hbwlbt Units— 
Precipitation 0.2 in. per'Minute—Using Two Insulators 
BELOW Line Wire to Direct Arc 
Tests at Pittsfield, Mass. 
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apparatus that it depreciates less when used in normal ser¬ 
vice than when taken out of service for part of each day. 
This is because the depreciation depends largely on 
the maximum range of temperature changes and the 
number of such changes or cycles in a given period. 
All electrical apparatus, including transmission lines, 



Fig. 25 —Wet Arc-Ovee foe Aeeangement Shown, 508 kv. 
Det Aec-Over, 728 kv. 

Tests at Pittsfield, Mass. 


snould be in constant service under conditions that 
will as nearly as possible cause the apparatus to remain 
in one condition. It is believed transmission lines 
will give better service when voltage is maintained on 
them at all times. 

A system of transmission controlled as to voltage 
as given in Part I, and insulated consistently by one 
of the methods given in Part II, to give low air and 
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Fig. 26 —Tests on No. 1054 Insulatoe—Without Tinfoil 

Caps 

Wet flash-over, 331 kv. 

Spacing, 6 1/2 in. 

Dry flash-over for same 8 units, 380 kv. 

Tests, R. Thomas &; Sons. 
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Fig, 27— Tests on No, 1054 Insulator—Tineoil Caps on 


Horn Insulators 

Wet flash-over, 331 kv. 

Spacing, 5 1/2 in. 

Dry flash-over for same 8 units, 380 kv. 

Tests, R, Thom£|;S & Sons, 
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Fig 28— ^Ninb Units—30 Flash-Ovees—10 Clear and 
20 Cascade 


Not© bowing out of flux lines at lower end and break-down to upper 

part of string where string potential is low. . 

This figure and Fig. 29 illustrate that we must increase string potential 
in the upper third and decrease the air potential due to the line wire. 
Figs. 28 and 29 by Prof. H. J. Ryan. 


resistance leakage stresses at all voltages and under all 
conditions, will give service not possible on lines where 
these conditions are not carried out. I hope to see 
a real era of 220,000-volt transmission construction in 
the next few years, and the engineers and manufac¬ 
turers can help matters along by proper cooperation. 
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Fig. 29— Twelve Units— 30 Flash-Overs 

Note bowing out of flux lines at line end due to high string potential 
and break-down to upper units due to high air potential and low string 
potential. 

This figure and Fig. 28 illustrate that we must increase string potential 
i n the upper third and decrease the air potential due to the line wire 

Figs. 28 and 29 by Prof. H. J. Ryan. 




APPENDIX 

Tests of Voltage Distribution Tests of Arc-Over Voltage, etc 



With and Without Shields 

determined by Harris J. Kyan and Henry H. HenUne. JOURNAL of A. I. E. E. July, 1920 




1 
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KV. ON SECTION 

Distribution Sheet D3—Showing Effect of Size and 
Placing of Shields on Voltage Distribution 

Potential Gradient for Ohio Brass Co. Insulator No. 25620. 

14 Units in string for 220-kv. line. 

Curve I. Unshielded string. 

Curve II. Number of controls—2. 

Size of controls—2-in. pipe. 

Spread of controls—30 in. 

Height of controls from conductor—20 in. 

Angle with plane of conductor—90 deg. 

Insulator on controls—special 125523. 

Curve HI. Same as Curve II except angle of controls with plane 
of conductor changed to 30 deg. 

Date of tests—March 3, 1921. 
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Distribution Sheet D4—Distribution Curves for Eight 
* Units 


Diagram 

A 

No 

■Jutt 

Type 

Shield 

T An 
•Dry 

:-0ver 

Wet 

"piaxl 

DisL9i 

Character of Arc 


Hewfet 

10 

14 

None 

Kv. 

750 

Kv. 


Arcing to Top 

Cascade 


Hewlett 

10* 

14 

2 Horns 
Uninsulated 

595 



^cingtu Top with 
tendency to strike in 

Hewlett 

10* 

14 

2 Horns 
Insulated 

705 



All Arcing clear to Top 

Arc to Horn 7"below Line 

Hewlett 

10* 

14 

3 Horns 
Uninsulated 

606 



Arc from Horns to Top 

Arc strikes in 

Hewlett 

10" 

14 

3 Homs 
Insulated 

700 

684 



Cascade to Top 

Locke 

12* 

14 

3 Homs 
Uninsulated 

557 



Cascade to Top 

Locke 

12* 

14 

3 Homs 
insulated 

612 



One Arc to Tower 

Four Cascade to Top 

Locke 

10* 

14 

3 Homs 
Uninsulated 

581 



All Arcs clear to Top 

Cocke 

10° 

14 

3 Homs 
Insulated 

640 



Arcs tend to Cascade 

Locke 

10" 

14 

3 Homs 
Uninsulated 

567 

574 



Arcs strike,in 

Locke 

10" 

14 

3 Homs 
Insulated 

631 

; 


All Arcs dear to Top 

Hewlett 

10" 

14 

2 Insulated Horns 
with ArcinE Tins 

698 



Arcing from outside 

Horn clear to Top 

Hewlett 

10" 

14 

2 Insulated Horns 
with Arcing fips 

674 



Arc to Tower 

Tower 6"closer than above 

Hewlett 

10" 

14 

Qroilar Shield Ardne 
Hem on Top UnK 

663 



Arc clear to Homs 

Hewlett 

10" 

14 

Circular Shield 
no Arcing Horn 

697 

455 


Arcs clear to Top 

Hewlett 

10" 

14 

2 Insulated Homs 

J Units below A=lf 


431 


Arcs to Horn Horn distance to 
une 691 to Lower Insulator 39* 


Hewlett 

10" 

14 

2 Insulated Horns 

4 Units below Line 


463 


«l Arcs clear to Top Horn distance 
to Line Bfto Lower Insul 39* 

A 

Hewlett 

10" 

14 



w 


Anis Clcjf to rop Horn distsncfi to 

Locke 



Hewlett 

10" 

14 

rzKGtaiHonir 

ciafe 

497 

437 


AjlAfCstoHorn Horn distance to 

Line 81 to Lower Insulator 39 * 


Test Sheet 1 

Tests made at Pittsfield, Mass. 
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Diagram 

Type tel. 
below line 

K 

Horn to 
owerins. 

Arc 

Dry 

m 

tj 

Op 

2 

tri 

31 

ution 

4 s 

Character of Arc 


3 Locke 
}ouble Space 

14 

2'l0“ 

Kv. 

420 






No horn o» tower irni 

Arc from lower arm Ip 

# 

3 Locke 
DoubleSpace 

14 

3-6’ 

434 






No bom 

Arc as above 

2 Hewlett 
DoubleSpace 

14 

4-5’ 

540 






No bom 

Arc to ceoter of lower unit 

2 Hewlett 
Double space 

14 

4'-4i-' 

526 

467 





Pry Arc from horn to low. unit 
Wet-Arc from horn to line. 

3 Hewlett 
DoubleSpace 

14 









No units 
below lino 

14 









One Locke 
unit 

8 

3-0* 

292 






Arc to upper arm 

One Locke 
unit 

8 

2-6* 

277 






Arc to ham on lower arm 












Pin 

Shields 

9 Locke ID' 
3LockeI2* 

12 



479 






Pin 

Shields 

10 Locke 10' 
3 Locke IS" 

13 



505 






Pin 

Shields 

It Locke 10' 
3tDckel2" 

14 



546 







Test Sheet 2 
Horn shielding. 

Arc-over on Hewlett Strings. 
Horizontal distance from tower: 
14 units—9 ft. 

8 units—5 ft. 

Tower No. 2 (Multi-member). 
Tests made at Pittsfield, Mass. 


Diagrams 

5 

Remarks 

Arc- 

_0!2. 

over 

Wet 

Character Ol Arc 


14 

Par.Aux.2 unit 
String opp. 1st & 4th 
units , 

Strings 28 center to 
center 


476 

Arcs along drip on main 
string 

* ± 
■J-n—T 
^pl^RIng 


2*Porc.tube 53'long 
par. to main siring 
28'ftom center line 
ol string 


423 

Diy-Cleats to brace at 621 

Wet-Arcs to tube 
clear of string 

Very good 

# & 




14 

2'Porc.tobe 27'long 
OR brace 42 from 
line 


460 

Dry-Arcs to brace at 571 
string & tower damp 

Wet-Arts to tube 

Clears O.K. 

42 .Pore. 


10 

10 units in main string 
4 units in each short 
string 

728 

513 

Dry-Arc clears string 

Wet Starts along drip & 
bows out 

^,-Une 

10 

10 units in main string 
4 units in each short 
string 

687 

512 

Dry-Aiccleais 

Insulator surface damp 

Wet-Arcs along drip to 
common point 


Test Sheet 3 

Ring shielding. 

Arc-over on Hewlett strings. 
Horizontal distance from tower, 9 ft. 
Tower No. 2 (Multi-member). 

Tests made at Pittsfield, Mass. 
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Test Sheet 4 
Tests made at Lisbon, Ohio. 



Cap 2 

l| High X, 

1 

Pi"- y 

Tower 

rot. Detween cap & icjwer 56 Kv. .f 

Pojb. between ca|p & Line 7 Kv./ 

_^Hewlett 



1 


TTTi 

with cap^ 


Witho ut caps^^ 

With Qz-£yj/ 

Oa; ? & Pin Type ^^Without caps 

__ 

/FM -Hewlett Units 
//// with cap 


KV. POTENTIAL ON FITTING 
Sketch of Horn arrangment 


Uap&PinTyp^ 
=iLwithout hon 
I caps I 


PER CENT VOLTAGE 
ACROSS UNIT 


•^Hewlett 

]ivithout 

caps' 













\ 


j^Tinfoil Caps 

p^^Sj^^Extra Links inserted to 
Line bring Top of Homs 

2^^Pipe ^\/ opposite Second Unit 

K^Insulatorused as weight 
T- 1 , ^ to balance Horns, . 

linetolstunit 7, Line to Top .of Horn -Insulators Horns Spread ZeJ" 

Test Sheet 4b—Comparison op Insulated Horn Shields 
With and Without Tinpoil Caps 
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8 HEWLETT UNITS CAP AND PIN-TYPE INSULATOR 

1. Dry arc-over without caps on horn Line to first unit. 65^ in. 

insulators.401 kv. Line to top of horn.15K 

373 " 4. Dry arc-over without tinfoil caps 

401 “ 1st trial.406 kv. 

(All arcs from horn to top clear 2nd trial, . Did not arc over 
of string.) 3-t 429 kv. (limit) 

2. Dry arc-over with tinfoil caps 3. Dry arc-over with tinfoil caps 

378 “ 408 kv. 

380 “ 397 

(Arced clear of string from horn (Arced from horn to cap to top 

to top) of string.) 

7. Wet arc-over without tinfoil caps 6. Wet arc-over without tinfoil caps 

329 kv. 289 kv. 

331 “ 289 

(Arced from horn to top of string.) (Arced along string.)^ 

8. Wet arc-over with tinfoil caps 5. Wet arc-over with tinfoil caps 

331 kv. 331 kv. 

327 “ 313 “ 

(Arced from liorn to cap to top (Arced from horn to cap to 5th 

of string.) onit to top.) 

Tests at Lisbon, Ohio 


TEST MQ.'. 



Siifii sttiliK 14 Mu. 2S520 units 

'V Centers-Conlrols 
Clampini! korns 


TEST N0.il 



(fST NO.A 




KS/i.!/.«,« 

..■/ 

Cwiil. ■©t-Cond. 


Test Sheet 5 —Oscillator Test Data 
Ohio Insulator Company. 
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Time 

2:58 

3:00 

3:01 


TEST SHEET 6. (OHIO INSULATOR CO) 
PLASH-OVER TESTS 


V. M. Volts 


March 3, 1921 


Read. Multi. Prim. Kv. ^a^er lb. 

11 o ^ 25620, with 11622 as control on 1-in. pipe horns. 

4 flash-over PhotoNo.il Tap 38 

104.5 4 418 245 


102. 4 408 239 “ 


3:45 

3:48 

3:56 

4:15 


105.5 
105 

110.5 
. 70 


Horns changed to 22 in. spread. 

4 422 247 flash-over Photo No. 12 

4 420 246 « « No. 14 

No horns—No controls. 

4 442 259 flash-over Photo No. 17 

12552 center as control 22 in. spread. 

4 280 No flash-over 

—Ratio used on Leakage Test— 


No. 3 Trans, ratio = 585 


No. 4 Trans, used as C. T. ratio = 0.000903 

C. T. No. 369 (48 turns) Ratio = 5 

Total 0. T. ratio = 0.000903 X 5 = 0.004515 

Wattmeter Ratio - 0.004515 X 585 X Instru. Multi. 

= 2.64 X Instrument Multi. 

Wattmeter Fields in series, 150-v. circuit. Both sides X K- 




Test Sheet No. 7—Leakage Wet Test 
P recipitation, 0.2 in. per min. 


10 units, No. 25620, with No. 12252 shells 
Ohio Insulator Co. 


as controls.- 


TEST SHEET 8—(OHIO INSULATOR CO.) 
OSCILLATOR TEST DATA 



3 ^ « 167 .. corona starting 
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SOME TRANSMISSION LINE TESTS 


BY. W. W. LEWIS 

General Electric Company, Schenectady, N. Y. 


I N THE MONTH of October, 1919, Mr. J. H. 
Foote of the Consumers Power Co., and the writer 
made a series of tests on the 30-cycle 140,000-volt 
system of that company in western Michigan. A 
summary of the tests for corona loss has been published.* 
There are some interesting features of these tests which 
were not mentioned in the previous paper, as their ex¬ 
planation was not clear at that time. The questions in 
regard to these features have now been pretty well 
cleared up and they will be discussed briefly in this 
paper. 

Corona loss tests were made on a transmission line 
101.5 miles long extending from Junction Dam to 
Grand Rapids, and some tests with an additional 
47.3 miles extending from Grand Rapids to Kalamazoo. 
Fig. 1 shows a diagram of the system. Power for the 
tests was supplied by the three 6,250-kv-a., 18-pole, 
100-rev. per min., 7,500-volt, 30-eycle waterwheel- 
driven generators at Junction Dam. The generators 
at Grand Rapids and the frequency-changer set at 
Kalamazoo were not in circuit, switches marked A 
and E being open throughout the test. 

The line from Junction to Grand Rapids consists 
of three conductors, each of seven strands medium 
hard-drawn copper, total cross-section 110,000 cir. 
mils. The conductors are spaced practically in a ver¬ 
tical plane 12 ft. apart, and supported by 10-disk in¬ 
sulator units in suspension and 12 in strain. The height 
of lowest conductor at the tower is about 40 ft. and at 
1. General Electric Review^ May, 1920. 
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the middle of the span about 26 ft. The tower spacing 
averages about 530 ft. The average elevation of the 
line is about 750 ft. above sea level. The direction of 
the line is nearly straight north and south with Junc¬ 
tion generating station at the north end. There is one 
transposition tower about every 15 miles giving a 
complete barrel in about 45 miles. The line had been 
in service about one and one-half years at the time of 
the tests. 


Junction 

Dam 


ill 


3-6250 Kva. 
750OVO1M 




3*5000 Kv-a 


101.5 Ml. 

12'vert.Spacmq 
liOOOO C.M. copper 


Bp 

3-5000 Kva. 


Grand Rapids 


12500 ?375 4500 
Kva Kv-a. Kv-a 


47.5 Ml. 

15.5'-12 -19-6 Spacing 
NS 0 Copper 


Kalamazoo 





Fig. 1—Diagram op Consumers Power Co., 140.000-Voi.t 
30-Cycle System 


The line from Grand Rapids to Kalamazoo consists 
of No. 0 stranded copper conductor spaced 15.5, 12 
and 19.6 ft. respectively, with two conductors supported 
on the top crossarm on opposite sides of the towers and 
one conductor on the middle arm of a two-circuit 
tower. The conductors are supported by 10-disk 
insulator units. 

The most important tests were made on the Junc¬ 
tion-Grand Rapids Line. The constants of this line- 
are as follows: 

Geometrical mean spacing, 181.5 inches. 

Radius conductor, 0.19 inch. 
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Measured resistance per mile at 47.4 deg. fahr., 
0.485 ohms. 

Measured reactance per mile at 30 cycles, 0.409 ohms. 

Measured impedance per mile at 30 cycles, 0.6345 
ohms. 

Calculated capacitance per mile, 0.01303 XlO”® 
farad. 

Calculated susceptance per mile at 30 cycles, 2.457 
X 10~® mho. 

For the 101.5 miles from Junction Dam to Grand 
Rapids these constants become as follows; 

Resistance, 49.2 ohms. 

Reactance, 41.5 ohms. 

Impedance, 64.4 ohms. 

Capacitance, 1.322 X 10~® farad. 

Susceptance, 249.2 X 10“® mho. 

The step-up transformers at Junction and step- 
down transformers at Grand Rapids are similarly 
rated as follows: Three single-phase, water-cooled, 
30-cycle, 5000-kv-a., 140,000/135,000/130,000/125,000 
/120,000-volt high-tension, 7500-volt low-tension, 
normally connected delta-delta. The tested impedance 
of the three transformers at Grand Rapids, based on 
5000 kv-a., 7500 volts, 30 cycles and measured by ap¬ 
plying voltage to the low-tension winding and short- 
circuiting the high-tension winding, averaged as 
follows: 

7.13 per cent for the 140,000-volt winding 
7.22 per cent “ “ 135,000 “ “ 

7.25 per cent “ “ 130,000 “ “ 

7.42 per cent “ “ 125,000 “ “ 

7.55 per cent" “ 120,000 “ “ 

Average temperature 25 deg. cent. 

The resistance at 25 deg. cent by shop tests was 17.42 
ohms for the 140-kv. winding and 0.0516 ohms for 
the 7500-volt winding. Excitation curves were taken 
on the transformers at Junction connected three- 
phase, with the results shown in Table I and in Fig. 2. 
Fig. 3 is an oscillogram of the current and potential 
waves during the excitation test. 

The instruments used in most of the tests were 
calibrated portable voltmeters, ammeters and watt- 





meters and calibrated potential transformers and cur¬ 
rent transformers from the Schenectady Laboratory* 
In some of the tests the 400:5 ampere calibrated current 
transformers were not of sufficient capacity so that 
it was necessary to use the 2000:5 ampere station 
current transformers. In these cases the station po- 



Fig. 2—Excitation Test on Bank of Theee SOOO-kv-a. 
7500 TO 140,000-Volt Transformees at Junction—Test 6 

tential transformers were also used for convenience. 
Fig. 4 shows the connections of the instruments for 
the tests, the power transformers being connected at 
times delta-delta, and at times delta-Y as shown in 
the figure. 

Delta Connection op Transformers 
A portion of these tests was made with the line 
connected from Junction to Kalamazoo, and the re¬ 
mainder with the line from Junction to Grand Rapids 
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TABLE II 


TEST NO. 10. CORONA LOSS TEST. LINE PROM JUNCTION 
TO GRAND RAPIDS. NO TRANSFORMERS AT GRAND RAPIDS 


Read¬ 

ing 

No. 

Preq.. 

Volts 
L. V. 

Kv. 

H. V. 
by 
ratio 

Amp. 
L. Y. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Percent 
P. F. 

44 

30 

4140 

74.6 

205 

11.4 

56 

1470 

3.78 

45 

30 

5205 

93.8 

254 

14.1 

91 

2300 

3.96 

46 

30 

5700 

102.7 

275 

15.3 

109 

2720 

3.98 

47 

30 

6100 

109.8 

292 

16.2 

142 

3090 

4.57 

48 

30 

6600 

118.8 

313 

17.4 

184 

3580 

5.15 

49 

30 

7120 

128.1 

328 

18.2 

346 

4045 

8.54 

50 

30 

7555 

136.0 

340 

18.9 

514 

4450 

11.55 

51 

30 

8115 

146.0 

344 

19.1 

1051 

4835 

21.73 

52 

30 

8610 

155.0 

364 

20.2 

1700 

5425 

31.32 

53 

30 

8920 

160.5 

357 

19.8 

2165 

5520 

39.21 


Transformer Ratio 135000 : 7500 = 18 :1 

Date...Oct. 15, 1919 

Barometer.29.34 in. 

Temperature.44.7 deg. fahr. 

Humidity.91.4 per cent. 

Weather..Clear 

See Fig. 5. 


TABLE HI 


TEST NO. 15. CORONA LOSS TEST. LINE PROM JUNCTION 
TO GRAND RAPIDS. NO TRANSFORMERS AT GRAND RAPIDS 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 

H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 

H.V. 

by 

ratio 

Kw. 

Kv-a. 

Percent 
P. P. 

37 

30 

4700 

84.6 

227 

12.6 

66 

1850 

3.6 

38 

30 

5220 

94.0 

253 

14.1 

87 

2290 

3.8 

39 

30 H 

5605 

101.0 

270 

15.0 

114 

2620 

4.4 

40 

30 

6130 

110.4 

293 

16.3 

250 

3110 

8.0 

41 

30 

6680 

120.2 

315 

17.5 

538 

3670 

14.7 

42 

30 

7210 

129.8 

338 

18.8 

866 

4220 

20.5 

44 

30 

7990 

143.8 

372 

20.7 

1558 

5150 

30.3 

45 

30 

8500 

153.0 

382 

21.2 

2030 

5620 

36.1 

46 

30 

9010 

162.1 

382 

21.2 

2690 

5960 

45.1 


Transformer Ratio 135000 :7500 = 18 :1 

Date.Oct. 16, 1919 

Barometer.29.38 in. 

Temperature..43.9 deg. fahr. 

Humidity. ..94.4 per cent. 

Weather.. Rainy. 

See Fig. 5. 
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TABLE IV 


TEST NO. 18. CORONA LOSS TEST. LINE FROM JUNCTION 
TO GRAND RAPIDS. NO TRANSFORMERS AT GRAND RAPIDS 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 

H. V. 

by 

ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Percent 
P. P. 

13 

30 

4320 

77.8 

209 

^ 11.6 

53 

1565 

3.4 

14 

30 

5060 

91.1 

242 

13.4 

70 

2120 

3.3 

15 

30 

5775 

103.9 

274 

15.2 

88 

2740 

3.2 

16 

30 

6340 

114.1 

297 

16.5 

105 

3260 

3.2 

18 

30 

6980 

125.6 

318 

17.7 

157 

3840 

4.1 

19 

30 

7560 

136.0 

334 

18.6 

270 

4430 

6.1 

20 

30 

8160 

146.9 

340 

18.9 

805 

4805 

16.8 

21 

30 

8500 

153.0 

338 

18.8 

1230 

4980 

24.7 

22 

30 

8800 

158.4 

333 

18.5 

1600 

5080 

31.5 


Transformer Ratio 135000 :7500 = 18 :1 

Date.Oct. 17, 1919 

Barometer.29.40 in. 

Temperature..34.7 deg. fahr. 

Humidity.91.0 per cent. 

Weather.... - Clear 

See Fig. 5. 


TABLE V 

TEST NO. 9. CORONA LOSS TEST. LINE FROM JUNCTION 
TO GRAND RAPIDS. TRANSFORMERS ON AT GRAND RAPIDS 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 

H. V. 

by 

ratio 

Amp. 
L. V. 

Amp. 
H. V. 
by 
ratio 

Kw. 

Kv-a. 

Percent 
P. F. 

33 

30 

4140 

74,6 

194 

10.8 

84 

1392 

6.0 

34 

30 

4480 

80.7 

211 

11.7 

101 

1638 

6.2 

35 

30 

5250 

94,6 

243 

13.5 

142 

2210 

6.4 

36 

30 

5665 

102.0 

257 

14.3 

162 

2522 

6.4 

37 

30 

617b 

111.0 

274 

15.2 

188 

2928 

6.4 

38 

30 

7000 

126.0 

279 

15.5 

336 

3383 

9.4 

39 

30 

7640 

137.5 

258 

14.3 

605 

3416 

17.7 

40 

30 

8080 

145 .4 

218 

12.1 

964 

3052 

31.6 

41 

30 

8555 

154.0 

188 

10.4 

1548 

2786 

55.6 

42 

30 

8655 

155.8 

169 

9.4 

1730 

2533 

68.3 

43 

30 

8950 

161.1 

157 

8.7 

2090 

2433 

85.9 


Transformer Ratio == 18 :1 

Junction Transformer Ratio 135000 : 7500 

Grand Rapids Transformer Ratio 125000 : 7500 

Date.Oct. 15. 1919 

Barometer... .29.34 in. 

Temperature.... 46.7 deg. fahr. 

Weather......Clear 

See Fig. 6. 
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TABLE VIII 


TEST NO. 7. CORONA LOSS TEST. 

LINE FROM JUNCTION TO KALAMAZOO 
NO TRANSFORMERS AT GRAND RAPIDS OR KALAMAZOO 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 

H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Percent 
P. F. 

13 

29.5 

4080 

73.4 

289 

16.0 

85 

2040 

4.17 

14 

30 

4400 

79.2 

313 

17.4 

89 

2388 

3.73 

15 

29.5 

5170 

93.1 

373 

20.7 

155 

3340 

4.64 

16 

30 

5470 

98.5 

389 

21.6 

168 

3680 

4.57 

17 

30 

5880 

105.8 

423 

23.5 

189 

4310 

4.39 

18 

30 

6440 

116.0 

457 

25.4 

274 

5100 

5.38 

19 

30 

6900 

124.2 

493 

27.4 

418 

5890 

7.10 

20 

30 

7280 

131.0 

524 

29.1 

656 

6610 

9.93 

21 

30 

7840 

141.1 

570 

31.7 

1510 

7740 

19.51 

21A 


7930 

142.7 

578 

32.1 

1672 

7940 

21.08 

22 


8110 

146.0 

588 

32.7 

1880 

8260 

22.78 

23 

30 

8450 

152.1 

618 

34.3 

2615 

9050 

28.90 


Transformer Ratio = 135000 :7500 = 18 :1 

Date...Oct. 15, 1919 

Barometer.29.32 in. 

Temperatm'e.51.0 deg. fahr. 

Humidity.83.9 per cent. 

Weather.Clear 

See. Fig. 7. 


TABLE IX 

TEST NO. 11. CORONA LOSS TEST. 

LINE PROM JUNCTION TO KALAMAZOO 
NO TRANSFORMERS AT GRAND RAPIDS OR KALAMAZOO 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 
H. V. 

by 

ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Percent 

P. P. 

1 

30 

4450 

80.2 

315 

17.5 

86 

2428 

3.46 

2 

30 K 

5310 

95.6 

380 

21.1 

157 

3498 

4.49 

3 

30 

5755 

103.6 

415 

23.1 

248 

4140 

5.99 

4 

30 

6380 

114.8 

455 

25.3 

470 

6030 

9.35 

5 

30 K 

6980 

125.6 

494 

27.5 

863 

5975 

14.45 

6 

30 

7480 

134.6 

546 

30.3 

1345 

7080 

19.00 

7 

30 

8060 

145.0 

586 

32.6 

2275 

8180 

27.80 

8 

30 

8480 

152.6 

609 

33.8 

3030 

8950 

33.88 

9 

30 

8780 

158.0 

622 

34.6 

3590 

9460 

37.96 


Transformer Ratio 135000 : 7500 = 18 :1 

Date....Oct. 16, 1919 

Barometer.29.38 m. 

Temperature.46.0 deg. fahr. 

Humidity.96.8 per cent. 

Weather....Rainy 

See Pig. 7. 


















1088 


W. W. LEWIS 


[June 22 


TABLE X 

TEST NO. 8. CORONA LOSS TEST. 

LINE PROM JUNCTION TO KALAMAZOO 
TRANSFORMERS ON AT GRAND RAPIDS AND KALAMAZOO 


Read¬ 

ing 

No. 

Preq. 

Volts 
L. V. 

Kv. 

H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 
by 
ratio 

Kw. 

Kv-a. 

Percent 
P. F. 

24 

30.3 

4100 

73.8 

291 

16.2 

139 

2067 

6.73 

25 

30.5 

4530 

81.6 

319 

17.7 

171 

2502 

6.83 

26 

30 

5220 

94.0 

351 

19.5 

245 

3174 

7.72 

27 

30 

5720 

103.0 

368 

20.4 

270 

3647 

7.41 

28 

30 

6260 

112.8 

385 

21.4 

400 

4175 

9.58 

29 

30 

6775 

121.9 

382 

21.2 

512 

4480 

11.43 

30 

30 

7160 

128.9 

362 

20.1 

658 

4490 

14.65 

31 

30 

7500 

135.0 

327 

18.2 

874 

4250 

20.57 

32 

30 

7860 

141.5 

274 

15.2 

1195 

3730 

32.04 


Transformer Ratio = 18:1 
Junction Transformer Ratio 135000 : 7500 
Grand Rapids Transformer Ratio 125000 :7500 
Kalamazoo Transformer Ratio 120000 : 7500 

Date.Oct. 15, 1919 

Barometer.29.32 in. 

Temperature. .47.9 deg. fahr. 

Humidity.. .90.2 per cent. 

Weather. .Clear 

See. Fig. 8. 

* 

TABLE XI 


TEST NO. 12. CORONA LOSS TEST. 

LINE FROM JUNCTION TO KALAMAZOO 
TRANSFORMERS ON AT GRAND RAPIDS AND KALAMAZOO 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 

H. V. 
by 
ratio 

Amp. 

L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Percent 

P. F. 

10 

30 

4540 

81.8 

316 

17.6 

164 

2487 

6.6 

11 

30 

5135 

92.4 

349 

19.4 

227 

3103 

7.3 

12 

‘30 

5530 

99.6 

370 

20.6 

267 

3544 

7.5 

13 

30 

6220 

112.0 

392 

21.8 

477 

4222 

11.3 

14 

*30 

6700 

120.6 

397 

22.0 

796 

4610 

' 17.3 

15 

30 

7060 

127.1 

395 

21.9 

1058 

4830 

21.9 

16 

30 

7520 

135.4 

381 

21.2 

1516 

4960 

30.6 

17 

30 

8070 

145.2 

343 

19.1 

2280 

4798 

47.5 

18 

30 

8480 

152.6 

301 

16.7 

2970 

4420 

67.2 

19 

30 

8660 

156.0 

287 

15.9 

3430 

4310 

79.6 


Transformer Ratio = 18.: 1 
Jtmction Transformer Ratio 135000 : 7500 
Grand Rapids Transformer Ratio 125000 : 7500 
Kalamazoo Transformer Ratio 130000 : 7500 

Date.Oct. 16, 1919 

Barometer...29.38 in. 

Temperature.46.7 deg. fahr. 

Humidity.94.2 per cent. 

Weather..Rainy 

See Fig. 8. 
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TABLE XII 

TEST NO. 14. COKONA LOSS TEST. 

LINE FROM JUNCTION TO KALAMAZOO 
KALAMAZOO TRANSFORMERS ON. GRAND RAPIDS 
TRANSFORMERS OFF. 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 

H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 
by 
ratio 

Kw. 

Kv-a. 

Percent 
P. P. 

28 

30 

4440 

80.0 

313 

17.4 

115 

2410 

4.8 

29 

30 

5180 

93.3 

361 

20.1 

177 

3240 

5.5 

30 

30 

5600 

100.8 

385 

21.4 

233 

3740 

6.2 

31 

30 

6080 

109.4 

411 

22.8 

329 

4330 

7.6 

32 

30 

6640 

119.5 

438 

24.3 

705 

5040 

14.0 

33 

30 

7160 

128.9 

457 

25.4 

1160 

5670 

20.5 

34 

30 

7480 

134.6 

464 

25.8 

1495 

6010 

24.9 

35 

30 

8010 

144.2 

476 

26.5 

2200 

6600 

33.3 

36 

30 

8500 

153.0 

486 

27.0 

3110 

7160 

43.4 


Transformer Ratio = 18 : 1 

Junction Transformer Ratio 135000 : 7500 

Kalamazoo Transformer Ratio 130000 :7500 

Date.Oct. 16, 1919 

Barometer...29.38 in. 

Temperature.46.2 deg. fahr. 

Humidity.93.6 per cent. 

"Weather.Rainy 

See. Pig. 8. 

Test No. 10. Line Junction to Grand Rapids, No 
transformers at Grand Rapids. 

October 15-16,1919: 

Test No. 11. Line Junction to Eialamazoo. No 
transformers at Grand Rapids or Kalamazoo. 

Test No. 12. Line Junction to Kalamazoo. Kal¬ 
amazoo and Grand Rapids transformers on. 

Test No. 13. Line Junction to Grand Rapids. 
Grand Rapids transformers on. 

Test No. 14. Line Junction to Kalamazoo. Kala¬ 
mazoo transformers on, Grand Rapids transformers 
off. 

Test No. 16. Line Junction to Grand Rapids. No 
transformers at Grand Rapids. 

October 16-17,1919: 

Test No. 17. Line Junction to Grand Rapids, 
Grand Rapids transformers on. 

Test No. 1&. Line Junction to Grand Rapids. No 
transformers at Grand Rapids. 

The data are tabulated in Tables II to XII in¬ 
clusive, and plotted in Figs. 5 to 8 inclusive. 
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The readings were corrected as follows: Based on 
the laboratory calibration curves, made in September 
before the tests and in November after 
tile tests, average voltmeter, ammeter and wattmeter 
constants, combining both the instrument and in¬ 
strument transformer corrections, were evolved. The 
wattmeter readings were corrected for phase angle in 
the following manner: The phase angles for the current 
s ormers and potential transformers were obtained 


ZdOOi 
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60 240o\ 
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the apparent kilowatts are multiplied to give the 
true kilowatts. This correction factor is greater than 
one for leading currents and less than one for lagging 
currents. The correction factor varies from 5 to 13 
per cent at the lower values and from 0.2 to 2 per cent 
at the higher values. It must be understood that 
in any event the corrections are approximate. The 
values of kilowatts and power factor given in the 
tables are corrected values found by this method. 

Discussion of Results. Fig. 6 gives a comparison of 
the losses on the line from Junction to Grand Rapids, 



Fig. 6 —Corona Loss, Tests 9, 13 and 17 —Line From 
Junction to Grand Rapids—Transformers on at Grand 
Rapids 

with transformers connected at Grand Rapids, under 
clear and rainy conditions and under clear conditions 
with two degrees of temperature. The effect of in¬ 
crease of temperature and of rain in increasing the 
losses is well illustrated. The curves also show the 
effect of exciting current of the transformers at Grand 
Rapids, at the higher densities, in decreasing the line 
current at Junction. 

Fig. 5 shows similar curves on the Junction-Grand 
Rapids line with the transformers at Grand Rapids 
not connected to the line. The loss curves, it will 
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be noted, practically coincide with those of Fig. 6 
except at the lower end, where the loss is nearly all 
due to the transformers. The line current does not have 
the marked tendency to droop apparent in Fig. 6, 
owing to the absence of the Grand Rapids trans¬ 
former bank. 

Figs. 7 and 8 show curves of losses of the line from 



TO KALAMLoo-Nr T Junction 

OH KaUAMaZ TEANSHOHM.KS ON AT GeaND RapXBS 


the former with no transfonners 
at theendandthe latter with transformers connected 
rhe loss curves of Tests KThq 19 i ^ ^^iinectea, 
identical of 4 - 1 , i * practically 

StaTttf t ‘r'-- PO-^O”. where the addt 

Test Mn 19 • _ ransformers at Grand Rapids in 

. 2 raises the curve above that of Test No. 14, 


Ihe effect of the transformers is also seen in the lir 
current curves. 

An oscillogram of typical low-tension waves take 
during these tests is reproduced in Fig. 9. 



Y-Connbction of Transformers 

The Y-connected tests were made with the Junction- 
Grand Rapids line only. In some tests the trans¬ 
former bank at Grand Rapids was connected to the 
circuit and in some cases omitted. In all cases the 
neutral either at Junction or Grand Rapids, and some¬ 
times both, was grounded. 
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The following tests were made: 

October 19,1919: 

Test No. 20. LineJunction to Grand Rapids. Grand 
Rapids transformers on. Neutrals grounded at Junc¬ 
tion and Grand Rapids. 

Test No. 21. Low-voltage delta open at Grand 
Rapids. 

Test No. 22. Low-voltage delta closed at Grand 
Rapids. Neutral isolated at Grand Rapids. 

Test No. 23. Grand Rapids transformers dis¬ 

connected from line. 

Test No. 24. Grand Rapids transformers on. 

Delta open and neutral isolated at Grand Rapids. 



Fig. 9—Low-Voltage Cuerent and Potential Waves 
Taken During Test 7 

Transroission line tests at Jimction Dam, Mich. 

Consumers Power Company, 140-kv., 30 system. Oct. 14--15, 1919, 

Corona test at 135 kv., line, Junction to Kalamazoo. 

No transformer on at Grand Rapids or Kalamazoo. 

Curve A—Line current, low-voltage side. 

Curve B—Potential, low-voltage side. 

October 26,1919: 

Test No. 42. Line Junction to Grand Rapids. 
Grand Rapids transformers on. Neutrals grounded 
at Junction and Grand Rapids. 

Test No. 43. Grand Rapids transformers dis¬ 
connected from line. 

Test No. 44. Grand Rapids transformers on. Neu¬ 
tral grounded at Grand Rapids. Neutral isolated at 
Junction. 

Test No. 46. Grand Rapids transformers on. 
Neutral grounded at Junction. Neutral isolated at 
Grand Rapids. 

The various connections are illustrated in Fig. 10, 
and the results of the tests are given in Tables XIII 
to XXI inclusive. 
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Grand Rapids 




Tests 
ZO 4 41 


Tests 




Test 


Tests 
ZZ ^45 


Test 44 


Fig. 10 —Diagram op Connections op Power Trans¬ 
formers During Corona Tests with High-Tension Side 
OP Transformers Y-Connectbd 


TABLE XIII 

TEST NO. 23. OOKONA LOSS TEST. 
LINE PROM JUNCTION TO GRAND RAPIDS. 
NO TRANSFORMERS AT GRAND RAPIDS. 
NEUTRAL GROUNDED AT JUNCTION 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

24 

30 

3930 

109.0 

476 

17.2 

48 

3240 

1.48 

0 

25 

30 

4550 

126.2 

548 

19.8 

72 

4320 

1.67 

0 

26 

30 

5060 

140.4 

616 

22.2 

480 

5400 

8.89 

1.25 

27 

30 

5680 

157,6 

752 

27.1 

2230 

7400 

30.13 

7.50 

28 

30 

6280 

174.2 

924 

33.3 

4030 

10050 

40.1 

13.3 

29 

30 

6710 

186.1 

1048 

37.8 

5380 

12180 

44.2 

16.5 

30 

30 

7150 

198.4 

1200 

43.2 

6960 

14860 

46.8 

19.0 


Amp. Neutral begin at 138500 volts 

Transformer Ratio = 120000/208000 Y : 7500 » 27.73 : 1 

Date.:..... Oct. 19, 1919 

Barometer.;.29.62 in. 

Temperature... .48.8 deg. fahr. 

Humidity... 61.4 per cent. 

Weather.Clear 

See Fig. ll. 
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TABLE XIV 

TEST NO. 43. CORONA LOSS TEST. 
LINE JUNCTION TO GRAND RAPIDS. 
NO TRANSFORMERS AT GRAND RAPIDS. 
NEUTRAL GROUNDED AT JUNCTION. 


Read¬ 

ing 

No. 

Freq. 

Volts 

L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

15 

30 

3350 

93.0 

420 

15.1 

16 

30 

4040 

112.0 

508 

18.3 

17 

30 

4600 

127.6 

576 

20.8 

18 

30 

5020 

139.2 

632 

22.8 

19 

30 

5680 

157.5 

772 

27.8 

20 

30 

5900 

163.6 

820 

29.6 

21 

30 

6690 

185.5 

1032 

37.2 

22 

30 

7160 

198.5 

1176 

42.4 


Kw. 


48 

48 

72 

648 

2330 

2880 

5305 

6840 


Kv-a. 


2440 

3350 

4590 

5580 

7600 

8380 

11960 

14590 


Amp. 

Neut. 


0 

0 

0 

2.8 

8.8 

10.5 

15.9 

18.8 


Per¬ 
cent 
P. F. 


1.97 

1.35 

1.57 

11.71 

30.65 

34.4 

44.3 

46.9 


Amp. Neutral begin at 127500 volts 

Amp. Neutral 1 amp. at 133600 volts 

Transformer Ratio = 120000/208000Y : 7500 = 27.73 ; 1 

Date.Oct. 26, 1919 

Barometer.. -.29.38 in. 

Temperature.42.5 deg. fahr. 

Humidity.81.0 per cent. 

Weather.Cloudy 

See Fig. 11. 


TABLE XV 

TEST NO. 20. CORONA LOSS TEST. 

LINE FROM JUNCTION TO GRAND RAPIDS 
TRANSFORMERS ON AT GRAND RAPIDS 
NEUTRALS GROUNDED AT JUNCTION AND GRAND RAPIDS 
READINGS AT JUNCTION 


Read¬ 

ing 

No. 

Freq. 

Volts 

L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 
by 
ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

1 

30 

3840 

106.5 

452 

16.3 

72 

3010 

2.39 

0 

2 

30 

4420 

122.6 

528 

19.0 

120 

4040 

2.97 

0 

3 

30 

5060 

140.4 

592 

21.3 

480 

5180 

9.27 

0 

4 

30 

5580 

154.8 

720 

25.9 

1945 

6960 

27.94 

2.0 

5 

30 

5900 

163.6 

816 

29.4 

2930 

8340 

35.14 

4.5 

6 

30 

6740 

187.0 

1072 

38.6 

5545 

12520 

44.29 

6.5 

7 

30 

7300 

202.5 

1220 

44.0 

7440 

15430 

48.20 

7,5 

8 

30 

7500 

208.0 

1272 

45.9 

8160 

16530 

49.38 

8.25 


Transformer Ratio = 120000/208000 Y : 7500 = 27.73 :1 


i 
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TABLE XVI 

TEST NO. 42. CORONA LOSS TEST. 

LINE PROM JUNCTION TO GRAND RAPIDS 
TRANSFORMERS ON AT GRAND RAPIDS 
NEUTRALS GROUNDED AT JUNCTION AND GRAND RAPIDS 
READINGS AT JUNCTION 


Read¬ 

ing 

No. 

Preq. 

Volts 
L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 
by 
ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

6 

30 

3950 

109.5 

460 

16.6 

72 

3150 

2.29 

0 

6 

30 

4950 

127.4 

520 

18.8 

168 

4135 

4.06 

0.15 

7 

30 

4975 

138.0 

560 

20.2 

528 

4830 

10.93 

0.88 

9 

30 

6480 

152.0 

680 

I 24.5 

1775 

6460 

27.5 

2.90 

10 

30 

6160 

170.9 

896 

32.3 

3650 

9560 

38.2 

4.90 

12 

30 

6520 

181.0 

1000 

36.1 

4750 

11290 

42.1 

5.72 

13 

30 

7100 

197.0 

1152 

41.5 

6645 

14170 

46,9 

7.11 

14 

30 

7510 

208.2 

1252 

45.1 

7970 

16290 

48.9 

8.00 


Transformer Ratio = 120000/208000 Y : 7500 = 27.73 : 1 
READINGS AT GRAND RAPId¥~ 


Reading 

No. 

Volts 

L. V. 

Kv. H. V. 
by ratio 

Amp. 

neut. 

5 

3780 

109.1 

0 

6 

4500 

129.9 

0 

7 

■ 4800 

138.5 

0.6 

9 

5520 

159.4 

2.4 

10 

6180 

178,4 • 

4.5 

12 

6540 

188.7 

5.4 

13 

7140 

206.0 

6.72 

14 

7560 

218.2 

7.5 


Transformer'Ratio = 125000/216500 Y : 7500 = 28.87 :1 

Date.Oct. 26, 1919 

Barometer..29.32 in. 

Temperature...41 deg. fahr. 

Humidity...93.6 per cent. 

Weather.Cloudy 

See Pig. 12. 
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TABLE XVII 

TEST NO. 21. CORONA LOSS TEST. 

LINE FROM JUNCTION TO GRAND RAPIDS. 
TRANSFORMERS ON AT GRAND RAPIDS 
NEUTRALS GROUNDED AT JUNCTION AND GRAND RAPIDS 
DELTA OPEN AT GRAND RAPIDS 


READINGS AT JUNCTION 


Read¬ 

ing 

No. 

Freq. 

Volts 

L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 

L. V. 

Amp. 
H. V. 
by 
ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

18 

30 

4385 

121.6 

524 

18.9 

. 72 

3980 

1.8 

0 

19 

30 

6070 

168.4 

884 

31.9 

3580 

9300 

38.5 

13.5 

20 

_1 

30 

7300 

202.6 

1216 

43.9 

7680 

15390 

49.9 

22.0 


Neutral Current Begins at 133200 volts. 

Transformer Ratio 120000/208000Y : 7500 = 27.73 : 1 


READINGS AT GRAND RAPIDS 


Reading 

No. 

Volts 

L. V. 

Kv. H.V. 
by ratio 

Volts 
open delta 

18 

4080 

132.0 

0 

19 

5640 

182.4 

0 

20 

6780 

219.2 

600 


.Oct. 19, 1919 

Barometer.29.62 in. 

Temperature.’ ‘ ‘ ,‘54’deg. fahr. 

Humidity.....53.8 percent. 

Weather.Clear, sunshiny 


TABLE XVIII 

TEST NO. 22. CORONA LOSS TEST. 
LINE FROM JUNCTION TO GRAND RAPIDS 
TRANSFORMERS ON AT GRAND RAPIDS. 

NEUTRAL GROUNDED AT JUNCTION 
neutral ISOLATED AT GRAND RAPIDS 


READINGS AT JUNCTION 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Ev. 
H. V. 

by ■ 
ratio 

Amp. 
L. V. ; 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

21 

22 

23 

30 

30 

30 

1 rn— 

4672 

6006 

7390 

129.6 

166.6 
205,0 

572 

896 

1244 

20.6 

32.3 

44.8 

192 

3360 

7970 

4630 

9320 

15920 

4.15 

36.04 

50.05 

0.6 

12.0 

20.6 


Neutral Current Begins at 126,500 volts 

Transformer Ratio = 120000/208000y : 7500] =[27.73 :1 
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TABLE XVlll—Coniinued 


HEADINGS AT GKAND RAPIDS 


Reading 

Volts 

No. 

neutral 

21 

4440 

22 

5640 

23 

6900 


Transformer Ratio Grand Rapids 140000/242500Y = 32.33 :1 


Date.Oct. 19, 1919 

Weather.Clear, sunshiny 


TABLE XIX 


TEST NO. 45, CORONA LOSS TEST. 
LINE PROM JUNCTION TO GRAND RAPIDS 
TRANSFORMERS ON AT GRAND RAPIDS. 

NEUTRAL GROUNDED AT JUNCTION 
NEUTRAL ISOLATED AT GRAND RAPIDS 


READINGS AT JUNCTION 


Read¬ 

ing 

No. 


L 

5 

i 

5 


Freq. 

Volts 
L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 

H ^ 

by 

ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

30 

4470 

124.0 

544 

19.6 

96 

4210 

2.3 

0 

30 

5040 

139.8 

620 

22.4 

528 

5410 

9.8 

2.25 

30 

5575 

154.5 






7.50 

30 

5640 

156.4 

732 

26.4 

2136 

7150 

29.9 

8.15 

30 

6030 

167.2 

832 

30.0 

3360 

8690 

38.7 

11.50 


Neutral Current Begins at 136,000 volts 
Transformer Ratio 120000/208000 : 7500 27.73 :1 


READINGS AT GRAND RAPIDS 


Reading 

Volts 
neutral to 

No. 

ground 

1 

0 

2 

0 

3 

0 

4 

1800 

5 

3000 


Transformer Ratio 125000/216500y : 7500 « 28.87 :1 
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TABLE XX 

TEST NO. 24. COHONA LOSS TEST. 

LINE PROM JUNCTION TO GRAND RAPIDS 
TRANSFORMERS ON AT GRAND RAPIDS 
NEUTRAL GROUNDED AT JUNCTION 
DELTA OPEN AND NEUTRAL ISOLATED AT GRAND RAPIDS 


READINGS AT JUNCTION 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 
H. V. 

by 

ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. F. 

Amp. 

Neut. 

39 

30 

4360 

120.9 

520 

18.8 

72 

3930 

1.83 

0 

40 

30 

5080 

140.9 

612 

22.1 

552 

5385 

10.25 

1.25 

41 

30 

5470 

151.7 

680 

24.5 

1584 

6440 

24.6 

6.0 

42 

30 

5980 

165.9 

820 

29.6 

3070 

8500 

36.1 

10.5 


Transformer.Ratio - 120000/20800 Y = 27.73 :1 


READINGS AT GRAND RAPIDS 


Read¬ 

ing 

No. 

Volts 

L.V. 

Kv, 

H. V. 
by ratio 

Volts 

open 

delta 

3rd 
Harm, 
per leg 
L. V. 

3rd 
Harm, 
per leg 
H. V. 
by ratio 

Fund 
per leg 
L. V. 

Fund 
per leg 
H. V. 
by ratio 

39 

5160 

136.8 

6120 

2040 

34000 

4740 

79000 

40 

5880 

147.0 

8820 

2940 

49000 

5095 

84900 

41 

6300 

157.0 

9540 

3180 

53000 

5435 

90600 

42 

6960 

172.7 

10680 

3560 

59400 

5980 

99700 


7980 

194.5 

12845 

4282 

71400 

6730 

112200 

.... 

8520 

209.0 

13500 

4500 

75000 

7235 

120600 


Transformer Ratio = 125000/216500 Y : 7500 =» 28.87 :1 

.Oct. 19, 1919 

Barometer.29.62 in. 

Temperature. 42.1 deg. fahr. 

Humidity...73.2 per cent. 

Weather...Clear, sunshiny. 


TABLE XXI 

TEST NO. 44. CORONA LOSS TEST. 
LINE FROM JUNCTION TO GRAND RAPIDS. 
TRANSFORMERS ON AT GRAND RAPIDS 
NEUTRAL GROUNDED AT GRAND RAPIDS. 
NEUTRAL ISOLATED AT JUNCTION 


READINGS AT JUNCTION 


Read¬ 

ing 

No. 

Freq. 

Volts 
L. V. 

Kv. 
H. V. 
by 
ratio 

Amp. 
L. V. 

Amp. 
H. V. 

by 

ratio 

Kw. 

Kv-a. 

Per¬ 
cent 
P. P. 

Volts 

Neut. 

to 

ground 

1 

30 

5160 

143.0 

580 

20.9 

840 

5185 

16.2 

500 

2 

30 

5650 

156.7 

728 

26.2 

2208 

7120 

31.0 

2700 

3 

30 

6180 

171.4 

864 

31.1 

3720 

9250 

40.2 

3850 


Transformer Ratio 12OO0O/2OSO0OY : 7500 = 27.73 :1 
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TABLE XXI —Continued 


READINGS AT GRAND RAPIDS 


Reading 

No. 

Volts 

L, V. 

Kv. H.V. 
by ratio 

Amp. 

neut. 

1 

5160 

149.0 

1.8 

2 

5760 

166.4 

8.7 

3 

6600 

190.5 

11.7 


7800 

225.0 

12.9 


Transformer Ratio 125000/216500Y : 7500 = 28.87 : 1 » 

.Oct. 26, 1919. 

Barometer..29.38 in. 

Temperature.42.5 deg. fahr. 

Humidity.81 per cent. 

Weather.Cloudy 

Although we have calibration curves for the va¬ 
rious instruments we do not have such curves for 
the station potential and current transformers. It was 
thought best, therefore, to give the readings uncor¬ 
rected rather than to correct for the instruments only. 
In general the instrument corrections and instrument 



Fig. 11 —Corona Loss, Tests 23 and 43 —Line From 
Junction to Grand Rapids—^N o Transformers at Grand 
Rapids—"Neutral Grounded at Junction 
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transformer ratios tend to reduce the readings while 
the phase angle corrections of the instrument trans¬ 
formers tend to increase them. In respect to current 
and potential therefore the results may be somewhat 
high while in respect to watts they are probably some¬ 
what low. The corrections are not large, except at 
the lower readings where they are sometimes appreciable. 

Corona loss, amperes line and amperes neutral for 
Tests 23 and- 43 are plotted in Pig. 11 and for Tests 



Fig. 12— Corona Loss, Tests 20 and 42— Line From 
Junction TO Grand Rapids—Teanspobmbrs on at Grand 
Kapids Neutral Grounded at Grand Rapids and Junction 

20 and 42 in Fig. 12. The results for the other tests 
are not plotted, but they follow very closely the plotted 
curves. In Fig. 13 is plotted the power factor for 
Test 20, also a comparison of the potentials at Junc¬ 
tion and Grand Rapids. 

Discussion of Results, In these tests an ammeter was 
placed in the neutral ground, or if the neutral was open 
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a voltmeter was placed between the neutral and ground. 
In some cases it was necessary to use a current trans¬ 
former in the neutral ground and in some cases the 
current was read directly. In measuring the neu¬ 
tral voltage a potential transformer was used in all 
cases. 

^ Figs. 14 and 15 show low-voltage waves of poten¬ 
tial and current and high-voltage waves of ground 
current for Tests 23 and 20 respectively. Fig. 16 
shows the potential between neutral and ground for 



Pig. 13—Compakison op Potentials at Junction and 
Grand Rapids, Test 20 

Test 44. The oscillograms show that both the neu¬ 
tral voltage and current are of triple frequency. There 
are two explanations for this, one advanced by the 
writer and one by Mr. F. W. Peek. The writer's 
explanation is as follows: 

In the low-tension delta of the transformer bank 
there is a triple-frequency circulating current which 
is required by the magnetization of the iron of the 
transformers. This current is forced through the im¬ 
pedance of the windings by a small voltage which 
multiplied by the ratio, is reproduced in the high- 
voltage windings. This voltage impressed between 
conductors and ground charges the capacitance of 
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the transmission conductors to ground, the charging 
current of the three conductors in multiple flowing 
back through the grounded neutral. The action ^ is 
much the same as for a Y-Y transformer bank with 
grounded neutral, except that the voltage involved 
is much smaller. 



Fig. 14 —Low-V.oltage Cukeent and Potential and 
C uRKENT IN Grounded Neutral, Test 23 
Transmission line tests at Jimction Dam, Mich. 

Consumers Power Company, 140-kv,, 30 ~ system. Oct. 19, 1919. 
Corona test at 198 kv., line, Jxmction to Grand Rapids. 

No transformer at Grand Rapids. Neutral grounded at Junction, 

Curve A—Current in neutral grotmd. 

Cui've B—Current in transmission line. 

Curve C—^Voltage across transmission line transformers. 


Mr. Peek ascribed this triple-frequency ground 
current to the corona, the theory being as follows: 

The corona starts at a point well up on the ascend¬ 
ing part of the voltage wave, and disappears when 




Fig. 15—Low-Voltage Current and Potential and 

Current in Grounded Neutral, Test 20 
Transmission line tests at Junction Dam, Mich. 

Consumers Power Company, 140-kv., 30 ~ system. Oct. 19, 1919. 
Corona test at 208 kv., line, Junction to Grand Rapids. 

Grand Rapids transformers on neutral grounded at Junction and Grand 
Rapids. 

Curve A—Current in neutral ground. 

Curve B—Current in transmission line. 

Curve O—^Voltage across transmission line transformers. 
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the wave has passed through a maximum and reached 
the same value on the descending portion. This 
occurs every half-cycle and has the effect of placing 
a pulsation or harmonic in the voltage wave. The 
pulsation may be of any odd frequency depending 
on the point at which the corona starts. Naturally 
the third harmonic being the first harmonic encoun¬ 
tered and being in phase in all three legs, is the most 
conspicuous. This triple-frequency voltage, acting on 
the capacitance of the system, which itself is pulsa¬ 
ting on account of the increase and decrease of diame¬ 
ter of the conductor due to corona, causes a triple¬ 
frequency charging current to flow through the ca¬ 
pacitance to ground and back through the grounded 
neutral. 

Mr. Peek has made some laboratory tests, which show 



Fig. 16—Low-Voltage Potential and Potential from 


Neutral to Ground, Test 44 
Transmission line tests at Junction Dam, Mich. 

Consumers Power Company, 140-kv., 30 system. Oct. 26, 1919. 
Corona test at 155 kv., line. Junction to Grand Rapids. 

Grand Rapids transformers on neutral open at Junction, neutral grounded 
at Grand Rapids. 

Curve A—Voltage, neutral to ground. 

Curve B—Voltage bus side of 7500-volt switch. 


conclusively that the greater part of this ground cur¬ 
rent is due to corona, in accordance with his theory, 
and that only a small portion of it may be ascribed 
to the triple-frequency magnetization of the transfor¬ 
mers, as suggested by the writer. This greatly re¬ 
lieves the situation as it places the onus for this ground 
current on the corona, which may be avoided and not 
on the transformer magnetization which is unavoidable. 
Mr. Peek will describe his theory and tests in detail 
in a paper at this meeting. 

The tests show that with open line and one neutral 
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grounded the ground current is from 20 per cent to 
40 per cent of the line current at corresponding volt¬ 
age. With neutral grounded at both ends (and low- 
tension deltas closed) the neutral current at each end 
is from 10 per cent to 20 per cent of the line current, 
the current splitting in this case between the two ends. 
With transformers at both ends of the line but neutral 
grounded at one end only (Test 22), or with transformers 
at both ends of the line and both neutrals grounded, 
but the delta open at the receiving end (Test 21), 
the neutral current at the generating station is prac¬ 
tically the same as when the line is open at one end. 

With transformers at both ends and the neutral 
at one end only grounded, a voltage exists between the 
isolated neutral and ground as shown in Fig. 16. 

It will be noted that the neutral current begins 
abruptly in the neighborhood of 140 kv., which means 
that at lower voltage the current was so small as to 
give no indication on the ammeter. Thus with the 
transmission line operating at normal voltage, the 
ground current will be negligible, and no trouble 
should be experienced from it. 

Rise in Voltage. The power factor in the tests 
varies from 2 to 50 per cent leading. We would na¬ 
turally expect a boost in voltage, due to this leading 
current passing through the reactance of the trans¬ 
formers and transmission line. Fig. 13 shows the 
voltage rise along the line for Test 20. The rise through 
the transformers was calculated. The voltage at 
the Grand Rapids end of the line was measured on 
the low-tension side, and the high-tension voltage is 
this measured voltage multiplied by the ratio, as there 
is no current passing through the transformers and 
therefore no change in voltage. The calculated rise 
in voltage along the line is considerably less than the 
measured rise. 

The tests with open line (Grand Rapids trans¬ 
formers connected). Tests Nos. 23 and 43, should give 
a greater rise than the tests with transformers at 
the end of the line. The calculated rise with open 
line, however, is much less than measured with trans¬ 
formers at the end of the line. 
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These discrepancies may be caused by change in 
capacitance due to corona, or by harmonics introduced 
by corona, which will be discussed later. 

Open Delta. In Test No. 21 the transformers were 
on at Grand Rapids, with neutrals grounded at Junc¬ 
tion and Grand Rapids. The low-tension delta was 
open at Grand Rapids. A voltmeter placed across 
the corner of the open delta read' about 600 volts 
with 203 kv. at Junction. 

In Test No. 24, in addition to having the low- 
tension delta open, the high-voltage neutral was iso¬ 
lated at Grand Rapids. Now a voltage was read 



Fig. 17— Comparison op Calculated and Measured Losses 
Test 10 

across the corner of the open delta which amounted 
to 13,500 volts with 203 1^. at Junction. One-third 
of this appears across each leg of the low tension. 
The triple-frequency leg voltage multiplied by the ra¬ 
tio of transformation gives the triple-frequency voltage 
across each leg of the high tension, and this voltage 
(75,000 in this case) appears between the neutral and 
ground. Such voltages may be expected with Y-Y 
connection without tertiary winding, and it will be 
noted that they rise to very high values. 
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Comparison of Calculated and Test Corona 

Losses 

It is very diiRcult to get the true loss, either tested 
or calculated. The test loss must necessarily be taken 
on the low-tension side and is subject to correction 
for the transformer core loss and iV loss and the trans¬ 
mission line ih loss. Phase-angle corrections of in¬ 
strument transformers change the results. On ac¬ 
count of the rise in voltage over the line, it is doubtful 


TABLE XXII 


comparison op measured and calculated losses 

TEST NO. 10 


Bead¬ 

ing 

No. 

Kv. 
H. V. 
by 
calc. 

Amp. L. V. 
i -\-jii 

Transformer 
Exc. Cur. 
h -jh 

H. V. Line Cur. 
(L. V. Equiv.) 

U +7 ^5 

Amp. 
H. V. 
by 
calc. 

44 

76.2 

7.76 + 205.1J 

4.24 - 

2.657 

3.52 

+ 207.757 

11.5 

45 

96.0 

10.07 +254.07 

5.72 - 

5.317 

4.35 

+ 259.317 

14.4 

46 

105.0 

10.95 + 274.87 

6.27 - 

7.547 

4.68 

+ 282.347 

15.7 

47 

112.3 

13.36 +292.07 

6.38 - 

9.927 

6.98 

+ 301.927 

16.8 

48 

121.5 

16.11 +312.77 

6.88 - 

14.457 

9.23 

+ 327.157 

18.2 

49 

131.0 

28.0 + 327.07 

7.65 - 

21.797 

20.35 

+ 348.797 

19.4 

50 

139.0 

39.28 + 337.87 

8.38 ~ 

31.097 

30.90 

+ 368.897 

20.6 

51 

148.9 

74.8 + 336.07 

10.45 - 

54.537 

64.35 

+ 390.537 

22.0 

52 

158.0 

113.95 + 345.27 

12.6 - 

89.157 

101.35 

+ 434.357 

24.8 

53 

163.8 

140.1 + 328.37 

13.22 - 

117.27 

126.88 

+ 445.5 7 

25.7 


Read- 

Total 

Trans. 




Sum of 

Net 

Calc. 

ing 

meas. 

core 

L. Y. 

H, V. 

Line 

core & 

corona 

corona 

No. 

loss 

loss 

R 

72 R 

/2 R 

/2 R 

loss 

loss 

44 

56 

32 

2.18 

2.19 

6.55 

42.92 

13 

0 

45 

91 

49 

3.28 

3.42 

10.24 

65.94 

25 

0 

46 

109 

59 

3.90 

4.05 

12.11 

79.06 

30 

0 

47 

142 

66.5 

4.41 

4.47 

13.38 

88.76 

53 

12 

48 

184 

78.5 

5.06 

5.44 

16.27 

105.27 

79 

122 

49 

346 

94.0 

5.55 

6.18 

18.50 

124.23 

222 

350 

50 

514 

110.0 

5.97 

6.94 

20.78 

143.69 

370 

644 

51 

1051 

143.0 

6.10 

7.93 

23.73 

180.76 

870 

1118 

52 

1700 

189.9 

6.82 

10.15 

30.39 

237.26 

1463 

1668 

53 

2165 

231.8 

6.60 

10.89 

32.6 

281.89 

1883 

2088 


See Fig. 17. 


to what voltage the loss should be referred. On the 
other hand, in calculating the loss, there are certain 
assumptions to be made as to the irregularity factor, 
the spacing of conductors, etc. Corona loss starts 
first on the middle conductor and this is not taken 
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into account in figuring Sq with the geometrical mean 
spacing. 

Nevertheless the tests here recorded are believed 
to be fairly accurate and the results representative 
of the actual corona loss. Also the calculated losses 
represent the losses accurately within the limitations 
of the formulas for a line which fulfills the assumed 
conditions. 



Fig. 18—Comparison op Calculated and Measured Losses, 
Tests 15 and 18 

In Fig. 17 is given a comparison between the tested 
and calculated corona losses for Test No. 10. In 
these and the following calculations mo is assumed as 
0.86 and m^ as 0.82. The test readings were corrected 
for instrument and instrument transformer errors, 
and from the total losses thus found are substracted 
the transformer core and loss and the line i^r loss 
(see Table XXII). The high-tension voltage is cal¬ 
culated from the low-tension voltage and the con¬ 
stants of the transformers, and this voltage is considered 
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uniform throughout the line. The corona losses are 
calculated and plotted against this high-tension volt¬ 
age. The calculated losses are higher than the test 
losses except at the lower part of the curve. Cal¬ 
culated eo is 108.1 while the test eo is about 120 kv. 
Calculated is 148.5 kv. 

In Fig. 18 are given comparisons of calculated and 
test losses for Tests 15 and 18. In this case the test 



Fig. 19—Comparison op Calculated and Measured Losses, 
Test 20 

losses given are the,total losses, including transformer 
losses and line i^r. The voltage is the low-tension 
voltage times the ratio, uncorrected for rise through 
the transformer. The comparison here is useful mainly 
in showing the shape of the curves. The calculated 
eo for Test 15 is 86.6 kv. based on storm eo = 0.8 
fair weather eo. This is apparently too low a value. 
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It may be that the rain was not sufficient to give such 
a lowering of Co, although reports showed that there 
was a gentle drizzle at the two ends of the line and at 
Croton, part way. along the line. The calculated 
e. for Test 15 is 148.8 kv. For Test 18 the calculated 
Co is 110.4 and 151.1 kv. 

Fig. 19 gives a comparison of tested and calculated 
losses for Test 20. The test loss is the total loss less 
the transformer loss and line Pr loss, (see Table XXIII). 
The calculated loss is plotted for the average of the 
high-tension voltages at Junction and Grand Rapids. 
Calculated eo is 107.5 kv., and 148.6 kv. 

In Fig. 20 are plotted the net corona loss (that is 
total test loss minus transformer loss at both ends of 
line and line i^r loss) and the calculated corona loss for 
Test 42, (see Table XXIV). The losses are plotted 
against the average of the high-tension voltages at the 
two ends of the line as found by test. The calculated 
eo in this case is 108.9 and e„ is l49.3 kv. 

The test readings of Tests 20 and 42 are subject 
to correction for instrument and instrument transformer 
errors, which would probably increase the values of 
kilowatts at the low points. 

It is evident from a comparison of the test and cal¬ 
culated curves shown on Fig. 17 to 20 inclusive that 
_ while these curves are in general very much alike in 
shape and magnitude, still there are some marked dis¬ 
crepancies, and at the lower part of the curve in par¬ 
ticular there are noticeable deviations. The test 
curves in all cases give a lower loss and have a more 
abrupt bend than the calculated curves. Feek ex¬ 
plains this by saying that below e„ the quadratic law 
does not hold, that the loss here is due to irregulari¬ 
ties and that the probability law governs. The prob¬ 
ability law is stated: 

Pi = g-** 

in which 5 is a coefficient depending on the number of 
spots and is a coefficient- depending on the size of the 
spots. This loss, therefore, depends on two coefficients 
whose value it is difficult to approximate. 

Peek further states that it is of practical importance 
only to know the limits of the loss on this part of 
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the curve and that eo should generally be the limit of 
the voltage on practical lines, as otherwise storm losses 
become excessive. This is very well taken and we have 
no doubt that Peek has stated the case correctly. 
The desirability of operating below Co is more evident 



Pig. 20 —Comparison of. Calcijalted and Measured Losses, 

Test 42 


than ever in view of the ground current described in 
this paper. 

Nevertheless a large number of systems are operating 
between eo and e„ and in figuring on new systems or 
extensions to old systems, it is frequently an economical 
problem whether to go to a larger size conductor or 
to stand a limited amount of corona loss. In these cases 
it is desirable to be able to calculate approximately the 
jOsses between eo and e„, and to know whether the actual 
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losses will be higher or lower than the calculated losses. 

It is doubtful whether the present data are sufRcient 
or of enough accuracy ■ to use in checking the corona 
law, but it would seem desirable that the law be checked 
by actual line tests to determine whether or not there is 
any regularity or uniformity below or whether the de¬ 
duction of any general law is hopeless, as intimated 
by Peek. 

Change in Capacitance 

Some discrepancies were noted in these tests be¬ 
tween the calculated charging current and the tested 



Fig. 21—Compabison op Calculated and Measured Charg¬ 
ing Current, Test 20 

charging current of the line, between the calculated 
voltage increase along the line and the measured 
voltage rise, also between the calculated ground current 
and the measured ground current. These quantities 
may be brought closer together by assuming that the 
corona which breaks down the air surrounding the 
conductor and makes it conducting has the effect of 
increasing the diameter of the conductor, thereby in¬ 
creasing the capacitance and decreasing the inductance 
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from the calculated values. Also the harmonics 
placed in the voltage by the corona would naturally 
increase the charging current and the rise in voltage 
along the line. 

In Fig. 21 (see table XXV) the total high-tension 
current of Test No. 20 is plotted, also the power and 
reactive components, the former being due to the co¬ 
rona loss and the latter being the charging current. 
The theoretical charging current with constant ca- 


TABLE XXV 


COMPAEISON OP MEASUEED AND CALCULATED 
CHAEGING CUEEENT 
TEST NO. 20 


L. V. Kv. 
Junction 
(H. V. Equiv.) 

Avg. 

H. V. Kv. 
Junct. & 
Gr. Rapids 

Calc. chg. 

current 

C = 1.322 
microfarads 

Test chg. 
current 

Capacity to 
give test chg. 

current 

microfarads. 

100 

105.8 

15.2 

16.2 

1.406 

110 

116.1 

16.7 

16.6 

1.313 

120 

126.5 

18.2 

18.3 

1.33 

130 

136.9 

19.7 

20.2 

1.356 

140 

147.3 

21.2 

21.8 

1.36 

150 

157.8 

22.7 

24.3 

1.415 

160 

168.2 

24.2 

26.6 

1.452 

170 

178.7 

25.7 

29.6 

1;522 

180 

189.2 

27.2 

32.9 

1.598 

190 

199.6 

28.7 

35.7 

1.642 

200 

210.1 

30.4 

38.5 

1.685 

210 

220.7 

31.7 

41.5 

1.728 

220 

231.1 

33.3 

44.3 

1.76 

See Pig. 21. ^--- 


pacitance of 1.322 microfarads to neutral is also plotted. 
It will be seen that there is a constantly increasing 
deviation between the calculated and tested charging 
currents. The values of capacitance which would 
give the tested charging current are plotted and it 
will be noted tha,t they begin at 1.322 microfarads 
and increase with increasing voltage. 

On Fig. 22 are plotted the neutral ground current 
measured at Grand Rapids in Test 44, the neutral 
voltage at Junction and the calculated neutral ground 
cuirent found from the neutral voltage and the theo¬ 
retical capacitance of 1.322 microfarads from conductor 
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Fig. 22—Comparison op Calculated and Measured 
Current in Grounded Neutral, Test 44 


to neutral, (see Table XXVI). The test values are 
greater than the calculated and tend to become in¬ 
creasingly greater at the higher voltages. There are 
also plotted the values of capacitance which would 
give the measured charging current. These are 
greater than 1.322 microfarads but appear to de¬ 
crease with increasing voltage. This is not consistent 
with the preceding paragraph, in which the capacitance 
is found to increase with increasing voltage. If we 
assume that not all the neutral current is capacitance 
current, but part of it is true power, or corona current, 
then we can arrive at a reasonable capacitance curve. 


TABLE XXVI 


COMPARISON OP MEASURED AND CALCULATED 
NEUTRAL CURRENT 
TEST NO. 44 




Calc. neut. 


Capacity to 

L. V. Kv. 

Volts 

current 

Test neut. 

give test neut. 

Junction 

Neut. 

C = 1.322 

current 

current 

(H. V. Equiv.) 

to Ground 

microfarads 

chg. 

microfarads 

146 

900 

2.02 

3.25 

2.128 

150 

1800 

4.04 

6.0 

1.963 

155 

2475 

5.55 

8.0 

. 1.903 

160 

3000 

6.73 

9.6 

1,884 

165 

3425 

7.68 

10.76 

1.849 

170 

3750 

8,42 

11.5 

1.806 

175 

4030 

9.04 . 

12.0 

1.754 


See Pig. 22. 
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We, however, introduce a new element into corona 
loss, namely a triple-frequency component. 

The actual rise in voltage over the line is apparently 
greater than the calculated rise, for example the tested 
rise in Test No. 42 at 180 kv. (equivalent high voltage) 
is 4300 volts or 2.34 per cent, while the calculated rise 
is only 600 volts or 0.33 per cent. 

The above calculations are based on a capacitance 
of 1.322 X 10~® farad and a reactance of 41.5 ohms 
for the 101.5-mile line, which are the calculated values 
for the particular size and spacing of conductor. 
Now if the radius of the conductor is increased to give 
increased capacitance as shown on Figs. 21 and 22, 
most of the calculated results show a much closer agree¬ 
ment to the tests. From this it appears that the 
radius of the conductor increases with the corona, 
perhaps being a function of the excess of the applied 
voltage over the critical corona voltage. The rise in 
voltage along the line is only partly accounted for in 
this manner, and harmonics may play a controlling 
part here. 


Conclusions 

Corona losses at approximately 210 kv. at the 
generating end and 225 kv. at the receiving end of 
a 100-mile line of 110,000-cir. mil conductor have been 
recorded. 

The losses in general follow Peek’s law, with some 
deviation especially at the lower voltages, where the 
tested loss is as a rule less than the calculated. 

A current in the grounded neutral was encountered 
which at the higher voltages was about 40 per cent 
of the line current. This current begins at about 
the normal line voltage. It is apparently due to the co¬ 
rona, which causes a pulsation in the voltage wave 
and a triple-frequency current to flow through the 
capacitance to ground and back through the grounded 
neutral. 

The line charging current, the current in grounded 
neutral and the rise in voltage along the line are all 
greater than calculated from the geometrical capaci¬ 
tance. This may be accounted for by an increased 


1921 ] 


SOME TRANSMISSION LINE TESTS 


1119 


capacitance due to increased diameter of conductor 
caused by corona. Harmonics introduced into the 
voltage wave by the corona may contribute to the 
effect noticed. 

The tests indicate a difference in corona loss with 
the neutral grounded and isolated, probably due to 
the flow of triple-frequency current in one case, and the 
distortion of voltage by triple-frequency component in 
the other. 

The danger of overvoltage across legs and between 
neutral and ground with Y-Y connection is shown 
by Test 24. 

The tests clearly indicate the desirability of opera¬ 
ting a transmission line below the corona voltage, 
thus avoiding corona loss and its accompanying 
effects. 
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NOTES ON OPERATION OF LARGE INTER¬ 
CONNECTED SYSTEMS 


BY L. L. ELDEN 

Edison Electric Illuminating Co. of Boston , 


I NTERCONNECTIONS have been made between 
the Boston Edison systems and the systems of 
the Eastern Massachusetts Electric Company and 
the New England Power Company, these two com¬ 
panies serving territory adjacent to that served by 
the Boston Edison Company. 

Connection with the former company is effected by a 
13,800-volt cable connection between nearby substa¬ 
tions of the two companies where transmission facili¬ 
ties were suitable for an interchange of power. The 
capacity of this connection is limited to 3000 kv-a. 
by the capacity of the transformers installed in the 
Eastern Massachusetts Company s substation. The 
principal generating station of the Eastern Massa¬ 
chusetts Company being located at Salem, Mass., 
the connection with this station is finally completed 
via 22,000-volt aerial and underground lines of the 
E. M. E. Co. Any energy interchanged by the two 
companies passes through three substations on the 
Edison system and two substations of the E. M. E. 
Co., all of which supply local distribution areas. 

The connection with the New England Power Com¬ 
pany comprises a special transmission line including 
25,000-volt underground transmission, 66,000-volt 
aerial transmission over private right of way,_and two 
banks of step-up transformers each comprising three 
5000-kv-a., three-phase, oil-cooled outdoor-type trans¬ 
formers. Switching facilities permit the transformers 
to be arranged for operation for transmission capaci- 
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ties of 5000 kv-a., 10,000 kv-a., and 15,000 kv-a., 
respectively as load requirements may dictate. 

Connection is made with the N. E. P, Co. at its 
Clinton substation, from which 66,000-volt lines ex¬ 
tend to the several sources of power of that company. 
These include not only their own hydro and steam sta¬ 
tions, but in addition connections with the systems of a 
number of other public utilities and industrial corpo¬ 
rations with which it has reciprocal arrangements for 
purchase or sale of power. 

The physical arrangement of the interconnections 
with both companies is shown diagrammatically in 
Pig. 1. 

The operation of the connection with the E. M. E. 
Co. has been uniformly satisfactory, barring some 
early difficulties initially encountered in adjusting the 
frequency of the two systems to the required standards 
and to difficulties encountered in securing suitable 
relay adjustments on the interconnecting lines. With 
the elimination of these minor troubles, no other dif¬ 
ficulties of moment have been encountered in the daily 
operation of the two systems other than occasional 
operation of the relays to disconnect the systems 
when serious trouble has occurred on either which has 
resulted in a transfer of energy in excess of the rated 
capacity of the interconnection. Under normal con¬ 
ditions the E. M. E. Co. is the purchasing company 
and on several occasions the line has enabled the 
Boston Company to assist the E. M. E. Co. in emer¬ 
gencies when troubles have occurred at the latter’s 
generating station. 

In the operation of the N. E. P. Co. more difficult 
conditions have been encountered due to the nature 
and arrangement of the line connections and to the 
more frequent.occurrence of transmission troubles in¬ 
cident to the large amount of 66,000-volt aerial con¬ 
struction exposed to lightning and other line troubles. 

Violent fluctuations on both systems have occurred 
upon the occasion of short circuits on either, the tie 
line usually opening and separating the systems on 
such occasions. The extent to which these troubles 
have affected either system has been entirely dependent 
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upon the generating capacity in service and load on 
each system at the time of trouble, and in a few cases 
the results have been rather serious. 

Experiments with various relay adjustments have 
effected some relief, although it now appears that 
heavy shorts on either system will continue to affect 
the other in the future as in the past, since there appears 
no means readily available to eliminate such effects 
without unfavorably affecting the voltage regulation 
of the tie line. 

In the initial operation of this interconnection certain 
difficulties developed due to variations in frequency 
on the N. E. P. Company’s system. That company 


EASTERN MASS. ELECTRIC Co. CONNECTION. 


genehatinc. ^ 


0 E3 M\LE - 

E MASS.ELEC Co. 

REVERE 


L-Vo iseoov uc CABLE 
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GENERATING 
/i STATION 
14000 V BUS 



being a large purchaser of energy from companies 
other than the Edison Company is naturally obliged 
to accept some modification of standard frequency 
at times in order that each selling company may de¬ 
liver the power required for each day’s operating 
schedule. These variations have caused some diffi¬ 
culty in effecting a proper division of the load between 
the various systems due to the desire of the Edison 
Company not to depart from its past practise of main¬ 
taining a standard frequency of 60 cycles at all times. 
This is accomplished through the use of the Warren 
clock for regulating purposes, and has become an im¬ 
portant factor in the operation of the system due to 
the extensive use of Warren clocks as time keeping 
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devices by the company’s customers. The company 
has, therefore, unintentionally drifted into the un¬ 
desirable position of operating a “time keeping” sys¬ 
tem which has been so satisfactory to certain users 
that it has been employed in some locations in place 
of Western Union time service. 

Operation in connection with the N. E. P. Co. has 
caused some troubles in this direction, although, in 
general, time keeping errors are small and are corrected 
by minor changes in frequency over a given period 
or until normal time conditions are restored. 



Fig. ”2 Power Pactoh Curves op Interconnecting Trans¬ 
mission Line between the Edison Electric Illuminating 
Co. op Boston and the New England Power Co. 

Curve A—Edison Co. supplying power to the N. B. P. Co. at the Edison 
South Boston Station. 

Transformers at Baker St. station connected 22,000 to 66,000 volts. 

Curve B—Edison Co. receiving power from the N. E. P. Co. at the 
Edison South Boston station. 

Transformers at Baker St. station connected 60,000 to 22,000 volts. 

The connection with the N. E. P. Co. as originally 
conceived was constructed for the delivery of energy 
to_ that company, there being no thought of trans¬ 
mitting energy in the reverse direction to the Edison 
Company beyond substation No. 24 at South Fram¬ 
ingham. Variable tap connections were, therefore, 
provided on the step-up transformers at Baker Street 
Station to secure proper control of power factor and 
voltage regulation which have enabled us to secure 
the results indicated by curve A in Fig. 2. It later 
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developed that the Edison Company could purchase 
so called “freshet power” at times from the N. E. P, 
Co. under favorable terms, and in accordance there¬ 
with a contract was executed for the purchase of such 
power for delivery during off-peak periods, or when 
otherwise available. 

With the transformers connected for delivery of 
power to the N. E. P. Co. the conditions for reverse 
operation were very unfavorable as regards voltage 
regulation apd control of power factor, requiring re¬ 
arrangement of tap connections to change the ratio 
from 22,000/66,000 to 22,000/60,000 volts, this ar¬ 
rangement resulting in operating conditions illustrated 
by curve B, when energy is received at L Street 
Station or at South Framingham, station 24. This 
condition may- be improved by the addition of taps 
to the high-voltage winding of transformers at L street 
station or at Baker Street station, the former location 
for the change being preferable. 

To make changes in tap connections rapidly, some 
special operating mechanism will be required other 
than what is now available. Such apparatus should 
preferably be designed for remote control operation. 
Under present conditions a change in tap connections 
requires about eight hours and involves a considerable 
expense. Other methods of accomplishing the same 
end might include the use of induction regulators or 
synchronous condensers if the results accomplished 
would justify their use. It will be obvious that the 
use of either form of equipment will make it possible 
to materially improve curves A and B under any load¬ 
ing conditions,, such improvement being of consid¬ 
erable advantage. 

Like all transmission companies serving an extended 
area, the N. E. P. Co. in the past has had to contend 
with wide variations in voltage in the remote parts 
of its system, these in part being due to insufficient 
line capacity and to the effect of loads of low power 
factor. During the past two or three years these con¬ 
ditions have been materially improved by the recon¬ 
struction of certain lines and the installation of a 
number of synchronoxis condensers of large capacity 
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at strategic points in the system where control of 
voltage regulation would be particularly effective. In 
the operation of the three systems as interconnected, 
no special provisions have had to be made for voltage 
regulation other than to provide lines of suitable ca¬ 
pacity and suitable tap connections on step-up trans¬ 
formers in the tie lines to secure delivery voltages 
suited to loading requirements. In the case of the 
N. E. P. Company’s connection, regulation of voltage 
may be accomplished to a limited extent by increas¬ 
ing or decreasing the number of cables and transformers 
in service. 

The successful operation of interconnected systems 
appears to require only the complete cooperation of 
load dispatchers in control of system operation. Modi¬ 
fication of existing methods will frequently be found 
effective in eliminating troubles which occur and in 
general a careful study of any disturbing factors will 
usually suggest means for relief in one form or another. 
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MODERN PRODUCTION OF SUSPENSION 
INSULATORS 


BY EDWIN H. FRITZ 

Ceramic Engineer, Pittsburgh High-Voltage Insulator Co, 
AND 

GEORGE 1. GILCHREST 

Westinghouse Electric & Mfg. Co. 


Abstract op Paper 

This paper pictures the progress made during 
the past few years in the production of electrical 
porcelain. The information covers: First: The 
engineering and works organization. Second: The 
manufacture. Third: Design and test. 


T he development of transmission line net¬ 
works has progressed even more rapidly than 
most of the pioneers in transmission engineer¬ 
ing anticipated. No doubt, the development has been 
nuaterially affected by the increased cost of fuel, which 
nas encouraged the engineers to develop available 
water power sites. Perhaps, one of the most influential 
factors has been the necessity of irrigating the fertile 
lands of the Pacific Coast States. Electricity from 
water power sources can be generated and transmitted 
to the farming districts and can be economically em¬ 
ployed to pump water, to heat the houses, and to 
operate the household appliances. 

The quality of electrical porcelain, although suffi¬ 
cient to properly insulate low-tension lines, proved 
entirely unsatisfactory when it became necessary to 
increase the transmission line voltages. The first 
thought of the engineer was to emphasize the mechani¬ 
cal strength, but in so doing, he sacrificed other charac¬ 
teristics. He believed the insulators should with¬ 
stand handling, impact blows from rifle shooting, etc. 
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He believed suspension insulators must be mechanically 
strong to prevent dropping the line in service. 

There are numerous reasons why the quality of 
electrical porcelain did not keep pace with the progress 
in transmission engineering. 

First: There were few transmission networks when 
electrical porcelain was first applied to high voltages. 

Second: The demand for electrical porcelain was 
extremely variable. When a transmission project was 
under consideration, it was necessary to supply a large 
number of insulators in a short time. After the ma¬ 
terial for this project was manufactured and supplied, 
the manufacturer could not keep a continuous pro¬ 
duction of high-tension electrical porcelain in his fac¬ 
tory. He must again manufacture low-voltage in¬ 
sulators and dry process material such as knobs, tubes, 
cleats, etc. 

Third: The type of labor from which the manu¬ 
facturer drew his supply had never been trained to 
appreciate the advantages that can be derived from 
labor saving devices. They had been very adverse to 
accepting any new type of machinery, perhaps, more 
so than the usual workmen. 

The most regrettable and fundamental reason of the 
slow development of electrical porcelain has been the 
lack of cooperation between the ceramic and electri¬ 
cal engineers. The ceramic engineer was occupied 
with manufacturing problems only. The electrical 
engineer, on the other hand, was usually a con¬ 
sulting engineer because the transmission company 
itself could not afford to assign an electrical engineer 
to the application of electrical porcelain. The design 
recommended by him would incorporate his ideas and 
opinions. He would probably not consult with the 
ceramic engineer to determine the limitations in manu¬ 
facture. The varied line of designs which every in¬ 
sulator company carried a few years ago is indicative 
of this condition. 

Engineering Organization 
The increased demand for electrical porcelain has 
enabled the manufacturer to command men of greater 
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engineering ability. These men have sufficient train¬ 
ing to appreciate the advantages that are gained by 
close contact between the manufacturer, the engineer, 
and the consumer. The organization of the modem 
electrical porcelain manufacturer is built on close cooper¬ 
ation between engineers who have supervision of the 
works and the application of the finished product. 

The ceramic research laboratory operated as a 
separate department, is of vital importance. Its func¬ 
tion is to investigate the present commercial raw 
materials; new sources of supply; the proportioning 
of ingredients; the glaze, etc. This laboratory has 
complete equipment, a portion of which constitutes a 
miniature clay working plant. This enables the 
engineer in charge of the laboratory to produce ex¬ 
perimental bodies and determine such properties as 
dielectric strength, mechanical strength, both tensile 
and impact, resistance to temperature changes, firing 
range, and shrinkage. Fig. 1 will give a general idea 
of the completeness of this laboratory. 

In connection with this, the proper selection of 
materials is of extreme importance. For example, we 
find different grades of clays in the same deposit, some 
of which will give considerably better results than others 
which may be only a few feet removed from them in the 
same strata. The ball clays which are now used con¬ 
tain a considerable amount of lignite and organic^ 
matter. This tsqse of clay vitrifies at a much lower 
temperature than some of the cleaner ball clays and 
at the same time is a very tough and strong material, 
such as is necessary to overcome the severe stresses 
which are encountered in manufacturing the complex 
insulator shapes. The low vitrification temperature 
is especially desirable because it assists the feldspar in 
the vitrification of the product and insures a greater 
firing range with less danger of underfired or over¬ 
fired material. 

English ball clay has always satisfied these charac¬ 
teristics in the past to the greatest possible extent. 
Laboratory investigations in recent years have dis¬ 
covered some promising American clays and at the 
present time experiments are being made on some 
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clays in an undeveloped field in this country which 
seem to be even superior to the English clays. The 
laboratory is, therefore, continually investigating new 
materials and with the continual progress that has been 
made, it would not be too optimistic to predict that we 
may at some time find materials which will improve 
the present product. 

The proportioning of feldspar, flint and clay has been 
given very careful consideration in the research labora¬ 
tories. The present commercial body is based on the 
results of this work. It is possible to obtain porcelain 
bodies from these materials in which certain charac¬ 
teristics predominate. However, since the applica- 



Fig. 1~Cekamic Research Laboratory—General View 


tion of electrical porcelain is very wide, it is necessary 
to sacrifice high mechanical strength or very high di¬ 
electric strength in order to obtain a body which will 
be satisfactory in all applications.! 

A second ceramic laboratory is maintained at the 
works; the function of this department being to prop¬ 
erly apply information obtained in the research labora¬ 
tory to the commercial product and to see that all 

1. “Experimental Investigation of Porcelain Mixes,” G. I. 
Gilohrest and T. A. Klinefelter, The Electric Journal, March 
1918, p. 77. 
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departments of the works function properly, i. e., that 
the proportioning and mixing of the ingredients is 
uniformly performed; that the material is properly 
prepared for the manufacturing processes; that the 
speed of the machine in forming and trimm ng the ware 
is correct; that the firing conditions are uniform, etc. 
There is very close contact at all times between the two 
departments and by the continual exchange of ideas 
each is informed of the other’s activities. 

One of the most important activities of the works 
department is the testing of all raw materials as they are 
received, in order to insure uniformity of the material 
and the finished product. Feldspar has become so 
variable in recent years that the old method of assuming 
that the feldspar will always be uniform in quality 
is now a hazard. Each shipment must be tested es¬ 
pecially in regard to fusibility, for it is this property 
which has become most variable. A sample is ob¬ 
tained from the car as soon as it is received; the flux 
value established and if not in accordance with purchas¬ 
ing specifications, it is rejected before coming in con¬ 
tact with any of the material in the bins. The re¬ 
maining materials are tested in a similar manner. 
Other routine tests are the determination of the mois¬ 
ture content and non-clay substance in the clays from 
day to day so that this variable can be adjusted for on 
the scales and consequent uniform mixture produced. 

The electrical engineering department functions in 
a similar manner. The consulting staff of the company 
is available when problems arise covering the design 
and application of the finished product. The Engineer- 
ign Department at the works supervise routine testing 
and the application to the product of suggestions 
that are made by the consulting staff. It is also a 
function of the Engineering Department at the works 
to give careful thought to any suggestions from the 
field which are based on the inherent design of the 
product. 

Manufacture 

The modem electrical porcelain works are the re¬ 
sult of the changed conditions and indicate what closer 
cooperation and a more scientific organization have 
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accomplished. This is most forcibly illustrated in the 
slip house where the materials are mixed. This depart¬ 
ment was formerly found in the most dilapidated part 
of the works and gave an appearance which was repul¬ 
sive to the intelligent class of workmen. In other words, 
it was located and operated under conditions which 
indicated that it was an unimportant department. 

Today we find the reverse of these conditions. This 
department is now considered one of the most important 
if not the most important, part of the works and the 
general design and operating conditions are carried 
out accordingly. It contains the latest type of ma¬ 
chinery, with special attention given to labor saving 
devices in order to make the processes more mechanical 



Fig. 2—Equipment to Handle Material prom Cabs 

and eliminate the human factor wherever possible 
with resultant greater uniformity. The department is 
well lighted and presents a sanitary appearance which is 
m keepmg with the kind of work which is carried on. 

The raw materials upon arrival after tests have been 
completed are unloaded in an efficient manner by means 
of suitable conveying equipment and stored in large 
bins to prevent contamination with undesirable sub¬ 
stances which are carried about in the air in industrial 
center. (Figs. 2 and 3.) These bins are directly ad¬ 
jacent to the mixing department and the same con¬ 
veying equipment can be used to bring the material 
into a location where it can be conveniently used in 
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the process. (Fig. 4.) The materials are weighed 
with the minimum amount of manual labor and in 
such a way that the workmen cannot easily make an 
error of any consequence. The apparatus is built 
compactly so that the little transportation which is 
necessary is performed mechanically. (Figs. 5 and 6.) 

The feldspar and flint which were formerly mixed 
together with the clays in the blungers are now first 
ground in ball mills in the wet state sufficiently to 



Fig. 3—Mateeial Storage Bin 


produce a fineness which has been found to be nec¬ 
essary and which cannot be obtained in the dry state 
which is the means employed by the producers. (Fig. 
7). The cost is large, but the results that are obtained 
more than repay the manufacturer for this extra op¬ 
eration. The finer structure of the feldspar and flint 
gives a better mechanical mixture which makes these 
materials more active in their properties and effects a 
better performance of the body throughout the manu¬ 
facturing process, especially in the firing operation. 
Vitrification begins at a lower temperature and a longer 
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firing range is, therefore, obtained, or in other words, 
greater variation of temperature in the kilns is permis¬ 
sible without detrimental effect on the fired product. 
It is obvious that the danger of underfired ware is, 


J’l®- 4 —^Material Bins for Daily Consumption 


Fig. 5—Method op Transporting Material to Mixers 

therefore, materially lessened and on account of the 
improved methods of kiln firing, an underfired piece 
of electrical porcelain in the factory is indeed rare. 

Porcelain made from ball milled feldspar and flint 
is more homogeneous in structure and gives a very 
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smooth fracture. It has a higher dielectric and me¬ 
chanical strength, although in the case of the latter 
there is a limit to the fineness which will increase the 
value of this property. In general it has been very 
definitely proved that this operation is one of the greatest 



Fig. 6—MATETtiAi, PnopoimoNiNG Equipment 



Fig. 7—General View op Ball Mills 

progressive steps in recent mailufacturing developments. 

While these materials are being milled the clays are 
mixed in blungers. The design of the blunger has been 
changed in recent years and machines are now on the 
market which are much more efficient and rapid in their 
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performance. Complete slaking of the clays is assured 
in this type of mill, so that lumps of unmixed clay are 
not found in the blunger when it is discharged, with 
consequent variation of the mixture. This has been 
accomplished by means of double rotating mixers which 
prevent any centrifugal force action and consequent 
collection of the particles at the edge of the tank which 
is so commonly found in the old type of blungers. 
(Fig. 8). The feldspar and flint after being milled are 
added to this blunged clay slip and the entire mixture 
is then blunged sufficiently to produce as perfect a 
mechanical mixture as is possible. 

The amount of water which is added to the clay 
flint and feldspar in the blungers and ball mills is 
carefully controlled by means of self-regulating water 



Fig. 8—View op Blungbb Detail 


tanks above these machines. The amount of water 
in each tank is set from day to day in order to make 
proper adjustment of the water contained in the 
materials themselves. At the Same time the water 
is heated to the proper temperature and kept constant 
by means of automatic, temperature regulators. In 
this way the liquid in the ball mills and the blungers is 
always of the same density and temperature which is 
essential in pumping uniform filter cakes and in keeping 
the plastic clay body at the proper temperature. 
(Pig.9). 
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The clay slip is passed over a double set of lawns, 
the first lawn being of a coarser mesh than the second. 
This distributes the amount of residue on each lawn 
and lessens the danger of breaking the lawn and con¬ 
sequent passing through of coarse materials. After 
screening, the material accumulates in cisterns, which 
are now built of considerable size and number. The 
object in view is to provide storage for the clay slip 
after it has completely passed through the mixing 
process where the air which is contained can be elimi¬ 
nated, giving a more homogeneous clay slip. 



Fig. 9—General View op Section op Slip Hovsb 



The pumps which force the material from the cis¬ 
terns to the filter presses are designed to preserve the 
uniformity of the clay slip. The pumping action of 
the piston is now transmitted upon a diaphragm in 
order to isolate the clay slip from the pumping action. 
Mixing of air in the slip at this point is, therefore, 
impossible and at the same time it does not get in 
contact with the oil in the cylinders. If the air is 
removed in the cisterns the filter cakes which will be 
produced at the press will be solid and contain no blebs 
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of any kind. Furthermore, the pumps will not pro¬ 
duce a higher pressure than what they are set for, so 
that the filter cakes are always uniform in water content 
and working qualities. 

With such filter cakes the beneficial effect of aging 
is largely reduced and it has actually come to a point 
where equal results can be obtained from the manu¬ 
facture of insulators from clay directly from the filter 
presses. Furthermore, ball clays have already passed 
through considerable natural aging and weathering 
conditions, and since they compose the major part of 
the clay content, the body is not noticeably improved 



Pig. 10 —PoEMiNG Machine 


by a small amount of artificial aging. For this reason, 
aging would have to extend over a period of at least 
one month before any noticeable results would be 
obtained in the product and this, of course, necessitates 
a storage capacity which is not commercial in this 
country. 

In pugmilling the material in preparation for the 
moulding process, the more modern and' scientific 
methods of mixing have overcome many of the troubles 
which formerly were traced to the pugmill. It is 
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now much simpler to produce a satisfactory material 
from the pugmill and with the improvements in this 
machine which have been obtained, the ever-present 
trouble with laminations has been largely overcome. 
If the material leaves the pugmill free of laminations 
and with no air contained, the success of the moulding 
of the insulators is practically assured. 

In forming the insulators machine operations are 
used entirely. This method has proved to be superior 
to the jiggering process, because of the greater pressure 
which is obtainable and the elimination of the human 
factor with the consequent possibility of a non-uniform 
product. A greater production can be obtained from 



Fig. 11—Conditioning Deyeb 


the machines with an improvement in quality. (Fig. 

10 .) 

By means of modern conditioning dryers, the in¬ 
sulators can be rapidly and uniformly dried to the 
stage where they can be removed from the moulds 
without distortion. (Fig. 11.) They are then ready 
for trimming which perfects the insulators into their 
final form. In drying the product to the bone-dry 
stage the modem tunnel dryer has given the manu¬ 
facturer a means of drying under carefully controlled 
conditions as to temperature and humidity. This is 
of primary importance in drying the material with the 
minimum amount of strain and at the same time 
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provides a method which is labor saving. A truck 
carries the insulators through the dryers and they are 
then taken directly to the glazing department where 
the glaze and sand coatings are applied. 

The color of the glaze has proved of some assistance 
in indicating the degree of heat treatment received in 
the kilns. This method, however, has its limitations 
and is not completely satisfactory. 

Recent experimental work in the laboratory has 
shown that there is a possibility of having the glaze 
indicate firing treatment by means of its luster. If 
this glaze can be made satisfactory to the trade, there 
is no doubt that it will provide a very accurate means of 



Fig. 12—Typical Photographic Record op Kiln Firing 

determining the degree of heat the insulator has re¬ 
ceived in the kiln. 

In firing the material, various steps are taken to 
insure a uniform product such as" the location of numer¬ 
ous cone plaques in all parts of the kilns and the use 
of the electric pyrometer with recording chart which 
is operated according to a standard firing curve in 
order to standardize the entire firing cycle. The cone 
plaques are marked according to their position in the 
kiln, so that upon removal if any show that insufficient 
heat has been received, the insulators which are im¬ 
mediately adjacent to such a cone plaque can be 
segregated and refired. At the same time all of the 
cone plaques from one kiln are gathered together and 
a^embled in a rack which is photographed together 
with the pyrometer chart for the kiln. This gives a 
complete and permanent record of the firing of each 
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kiln and also determines the efficiency of each kiln and 
of the kiln firemen. (Fig. 12.) 

Natural gas, coal and more recently oil are used 
as fuels. Natural gas is undoubtedly the most de¬ 
sirable fuel because of the ease of control and compara¬ 
tively low temperatures in the fire boxes. The works 
are located in the natural gas fields where the supply 
is abundant. However, protective measures by the 
gas producers have limited the supply during very 
severe weather. It, therefore, became necessary to 
resort to other fuels which has brought about the use of 
oil. This fuel has proved to be much more satis¬ 
factory than coal, because its control can be as easily 



Fig. 13 —Combination Oil and Gas Bubnek 


manipulated as that of gas and the only difficulty en¬ 
countered is the excessive local heat of the oil flame. 
This has been overcome by the use of superior re¬ 
fractories so that equal results can be obtained with 
oil, the only difference being iii the cost. Coal is, of 
course, cheaper than oil as far as cost of fuel itself is 
concerned, but the ease of control and the more uni¬ 
form and satisfactory results which are obtained from 
the oil with consequent better quality of finished pro¬ 
duct has proved conclusively that the final cost of 
production with oil is cheaper than coal. Combination 
oil and gas burners are used so that gas can be used 
whenever available and the change to oil can be made 
at any time without loss of heat in the kiln. (Fig. 13.) 
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Routine Testing 

The porcelain parts are carefully inspected as they 
are drawn from the kilns. Parts having cracks or 
other defects that can be detected visually are im¬ 
mediately scrapped. Thereafter the parts are sub¬ 
jected to a 60-cycle flash-over test. The charac¬ 
teristics of the transformer are such as to give a 60- 
cycle voltage with a superimposed high-frequency 
voltage. Fig. 14 is indicative of the test. 

The insulators having cemented hardware are then 
assembled with neat Portland cement and placed in a 
closed chamber where they are subjected to an at- 



PiG. 14 Routine Electrical Test op Porcelain Parti 


mosphere of steam during the initial set of the cement. 
The insulators are then given a routine mechanical 
test at a load dependent upon the inherent design of the 
insulator and its application. After the routine 
mechanical test the assembled insulators are again 
subjected to a flash-over test, similar in characteristics 
to that applied to the porcelain parts. It is not neces¬ 
sary, of course, to give the suspension insulators not 
assembled with hardware a second electrical test. 

Design Tests 

It is very difficult to provide tests which will du¬ 
plicate service conditions since it is impossible to re- 
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produce in short periods of time in the laboratory the 
temperature cyclic changes which will occur in line 
service. Although engineers who are familiar with the 
testing of electrical porcelain do not feel satisfied with 
laboratory tests, nevertheless all agree that the design 
which passes severe laboratory tests has apparent 
merits. 

Many articles have been published in the engineer¬ 
ing periodicals during the last few years discussing 
types and causes of failures of electrical porcelain. 
These articles have been presented by men in the field 
and by representatives of the manufacturers. In gen- 



Fig. 15—DtELECTRic Field of Cap and Pin Suspension 
Insvlatob 

eral, engineers agree that the failure of suspension in¬ 
sulators having cemented hardware is largely due^ to 
two causes. First: Porosity. Second; Mechanical 
stresses. 

No doubt, porosity was one of the vital factors in 
causing the failure of the suspension insulators manu¬ 
factured prior to about 1914. It is not necessary to 
go into a discussion of the causes of porosity. ^ A brief 
statement that the porous insulator is an insulator 
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that is underfired is perhaps sufficient. Of course, 
if we consider the problems of the manufacturer it 
may be that the material is not properly fired, that 
the ingredients are not properly proportioned or ground, 
etc. The subject of porosity affords sufficient infor¬ 
mation for an article. Now that due consideration is 
given to all of these factors, the more progressive 
manufacturers have practically eliminated porous ware. 

Second: Mechanical stresses have always been in¬ 
strumental in the failure of suspension insulators hav¬ 
ing cemented hardware. Although porosity may have 
been a vital factor prior to about 1914, mechanical 
stresses have continued to give trouble and are more 
difficult to eliminate. The subject of mechanical stress 
has also been very generally discussed in the engineering 
periodicals and everyone is familiar with the present 
assembly methods and the very gratifying results 
obtained. The elimination of the mechanical stresses 
caused by temperature changes without doubt, de¬ 
pends upon first, the design; second, the assembly of 
the hardware and porcelain; third, the setting of the 
cement under temperature and moisture conditions, etc. 

It is impossible to give in any detail an analysis of 
the design tests which our engineers have made during 
the past few months. In order to give a general pic¬ 
ture of the problems involved, the various lines of 
research are indicated by the following paragraphs. 


jgjLectrostatic r ield 

The cap and pin suspension insulator or the inter¬ 
linked type insulatpr do not represent ideal electrical 
toigns from a consideration of the electrostatic field. 
However, it is necessary in nearly all commercial de¬ 
signs to sacrifice some efficiency of electrical design 
to produce a commercial unit which will be economical 
under the average conditions, i. e., a unit which will 
perfom satisfactorily in dry climates, or in humid cli¬ 
mates, indoors, outdoors, etc. The design of insulators 
bs^ed on theoretical principles is discussed in con- 
sidera,ble detail in a paper presented before the 
Amenca n Institute in June 1918^ It is not 

2. Application of Theory and Practise to the Design of Trans¬ 
mission Line Insulators, G. I. Gilehrest, Tkans. A. I. E. E., 1918, 
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necessary to go into a detailed discussion of the electro¬ 
static design of suspension insulators since everyone is 
somewhat familiar with the theoretical principles. 

For general information and interest, Figs. 15 and 
16 are included. Fig. 15 pictures the electrostatic field 
of the cap and pin suspension insulator; Fig. 16 pic¬ 
tures that of the interlinked insulator. To obtain the 
most efficient electrical characteristics the lines of 
of force in the area about the insulator should be 
either parallel or perpendicular to the surface of the 
insulating material. It is interesting to note the dif¬ 
ference in the field about the two suspension insulators. 



Pig. 16—Dielectric Field of Interlinked Insulator 


As a matter of fact, the distribution of the stress in 
the air about the interlinked type insulator is materially 
better than the distribution about the cap and pin 
type. This perhaps, explains why the interlinked type 
insulator has a flash-over comparable to that of the 
cap and pin type, although there is more corona for¬ 
mation around the interlinking hardware of the inter¬ 
linked insulator below flash-over than about the cap 
and pin. It is probable, however, that the corona 
formation does not build up as rapidly over the sur- 
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face of the insulator sheds as in the case of the cap 
and pin because of the more favorable electrostatic 
field. 

Several authors have discussed the advisability of 
obtaining an insulating material having a low dielec¬ 
tric constant or a high dielectric constant. Obviously 
it is possible to divert further from the theoretical 
principles in the design of the insulator if the mate¬ 
rial has a dielectric constant approaching that of air. 
Electrical porcelain has a dielectric constant of approxi¬ 
mately five compared to the dielectric constant of 
one of air. It is impossible to vary this constant to 
any great extent by changing the composition of elec¬ 
trical porcelain. 

To the practical engineer it may appear that in¬ 
vestigations of the field form of insulators are of no 
particular consequence. However, the determination 
of field form of a separate unit or assembled units is 
particularly useful in determining the concentration of 
stress. Although experimental methods indicated in 
the figures do not give the distribution of stress, never¬ 
theless when obtaining the results the investigator can 
determine the sections of high local stress by the man¬ 
ner in which the particles of material act during the 
experiment. This method of investigation is applic¬ 
able to strings of units as well as to separate units. 

Mechanical Stress 

It is, perhaps, more difficult to provide tests to in¬ 
dicate the comparative resistance of insulators to tem¬ 
perature changes. We have followed a number of 
lines of investigation and will very briefly discuss each 
line. 

Special Design of Eyebolt 

A theoretical analysis of the mechanical stress trans¬ 
mitted to the porcelain by the cemented hardware 
indicates clearly that the expansion of the eyebolt is 
probably the most serious factor. To definitely de¬ 
termine this in the laboratory, porcelains assembled with 
caps alone, with eyebolts alone, and without hard¬ 
ware, were tested by alternate immersions in hot and 
cold water baths. The porcelain parts assembled 
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with eyebolts alone failed under the same severity 
of tests as the assembled insulators. The porcelain 
parts without hardware and with caps alone did not 
fail under any of the temperature change tests. 

Several modifications of the solid eyebolt were then 
considered and two special types were produced and 
tested. These were assembled with identical por¬ 
celain parts and metal caps and under the same condi¬ 
tions. The two modifications consisted of (A) an eye- 
bolt having two drop forgings assembled with a por¬ 
celain sleeve. (B) eyebolt having a one-piece drop 
forging with a metal sleeve into which the eyebolt 
could be turned. 

These two special designs were compared directly 
with standard design having the solid eyebolt. The 
insulators were tested by immersing them alternately 
in water baths maintained at zero and 100 degrees 
centigrade. The periods of immersion were varied 
from one minute at the start to ten minutes at the end. 
The insulators were not under mechanical load during 
the tests. Briefly the results of this were as in Table I. 

TABLE 1 


Number of Failures xmder Test 



1 

2 

3 

4 

5 

6 

7 

8 

all Tests 

Solid Eyebolt. 

1 



4 

5 


2 

2 

2 

Eyebolt with porcelain 










sleeve. 






1 

2 

6 

5 

Eyebolt with metal 










sleeve. 









14 


From an analysis of this table it is very apparent 
that the insulators having a separable metal sleeve 
resisted the mechanical stresses from temperature 
changes more successfully than the insulators having 
the solid eyebolt or the eyebolt with the porcelain 
sleeve. Also the insulators having the eyebolt with 
a porcelain sleeve resisted the mechanical stress 
better than the insulators with the solid eyebolt. 

The inherent design of these insulators is such 
that the ultimate strength and the combined me¬ 
chanical and electrical strength are practically identical. 
Under combined electrical and mechanical test the 
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type with the solid eyebolt gave the highest results 
averaging between 10,000 and 11,000 pounds. The 
insulator with the eyebolt having the porcelain sleeve 
averaged between 9,000 and 10,000 pounds the in¬ 
sulator having the separable metal sleeve averaged 
between 8000 and 10,000 pounds. The lower strength 
of the two special types was due largely to the lower 
strength of the eyebolts. Later, additional samples 
were made which gave practically the same com¬ 
bined mechanical and electrical test as the solid eye- 
bolt type. 

After making these preliminary tests with insulators 
not subjected to mechanical load, it was thought par¬ 
ticularly desirable to have similar tests made with the 
insulators under tension. The three designs were again 
tested under a series of temperature changes at 4000 
and 5000 pounds load. During the immersions, the 
insulators were assembled in strings in series with a 
dynamometer as indicated in Fig. 17. 

The load on the insulators shifted somewhat during 
the transfer from the hot water bath to the cold water. 
This amount of change varied for the different units and 
is, perhaps, somewhat indicative of the rigidity of 
the assembly. It is obvious that the insulator show¬ 
ing the least change of load must have the greatest 
resilience in its assembly. 






Combined , 
Electrical 


Load Shift 


and 


under 

Per cent 

Mechanical 


4000 lb. 

5000 lb. 

Loss 

Strength 

Solid Byebold (corrugated)., 

700 1 

625 

50 

11,350 

Solid Eyebolt (sanded). 

425 1 

375 

40 

11.640 

Metal Sleeve.. 

750 

500 

20 

11,090 

Porcelain Sleeve. 

825 

525 1 

30 

10,760 


All of the failures occurred during the test under 
5000 pounds load. In these tests the insulator having 
the eyebolt with a metal thimble again proved superior. 
A portion of the porcelain parts assembled with the 
solid eyebolt had corrugated gripping surfaces and a 
portion sanded surfaces. The insulators with the 
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sanded surfaces proved superior in resisting tempera¬ 
ture changes and gave less change in load during test, 
indicating that the sanded surface affords greater 
resilience than the corrugated surface. 

Although the insulators with the special design of 
eyebolt proved superior to the type with the solid 
eyebolt, it is not possible to determine in the laboratory 
whether or not service results will be particularly 
better. We have, however, sufficient of each type 



Fig. 17 —Testing Instjlatoks by Tempebatxjee Changes 

now in transmission line service to determine, we be¬ 
lieve, in the next two or three years, whether or not 
there is any advantage in these modifications. How¬ 
ever, the improvements in design and assembly have 
resulted in insulators of solid eyebolt type, that will 
undergo these laboratory tests without failure. 

Special Cement 

A number of investigators have contended that 
Portland cement may be the cause of some of the line 
failures. They contend that the cement gradually 
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crystallizes and that it may transmit mechanical 
stresses to the porcelain. Moreover, the coefficient 
of expansion of cement is greater than that of porcelain 
and this may increase the hazard. In an attempt to 
lower the coefficient of expansion of the cement ground 
porcelain was mixed with the cement. The materials 
were ground together in ball mills in the proportion 
of one part porcelain to three parts cement. Standard 
tensile briquettes made from this mixture gave an 
average of 327 pounds after 48 hours. 


Fig. 18—60-Cyclb Wet Flash-Over op Assembled 


String 


Suspension insulators assembled with this material 
gave the same ultimate mechanical strength as when as¬ 
sembled with neat Portland cement. The results 
of these initial tests are so encouraging that the in¬ 
vestigation will be continued. 

Abrasion Tests 

. Probably porcelain that is most resistant to grinding 
will better resist weathering conditions, the action of 
acid, moisture, etc. Occasionally, sections from com- 
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raercial and special insulators are tested to determine 
their comparative resistance to abrasion. 

As an example of the variation, a test of pieces from 
three commercial insulators of different manufacture is 
given. The samples were ground under the same pres¬ 
sure and the same area subjected to grinding. The 
loss in grams per square inch of surface for each minute 
of grinding was: 

No. 1—0.075 
No. 2—0.080 
No. 3—0.087 

It is very apparent that there is a considerable varia¬ 
tion in the mechanical structure. Undoubtedly, the 
individual insulators of any one manufacturer would 
vary, but the difference is also due to some extent to the 
materials used aiid to the factory processes. 

Flash-Over Tests 

The electrical stress impressed on insulators in line 
service has been discussed in so many papers that it 
is entirely unnecessary to go into any detail at this time. 
The distribution of stress over suspension insulators 
and the flash-over characteristics of strings of insulators 
would require a separate paper. Without any special 
metal fittings to effect a better distribution, the line 
unit of a string of suspension insulators will assume from 
20 to 40 per cent of the total line voltage depending 
upon the number of insulators in the string, upon the 
design of the insulator, etc. Many curves of distribu¬ 
tion have been published and everyone is familiar with 
the general shape of these curves which indicate that 
the line unit or the two units next to the line have much 
greater than the average stresses impressed upon them. 

The installation of transmission lines operating at 
150 to 220,000 volts, makes it necessary to give careful 
thought to the concentration of stress upon individual 
units. The insulators will be subjected to extremely 
high stresses whenever a flash-over occurs or when¬ 
ever surges are impressed upon the line from switching, 
lightning, etc. Fig. 18 is indicative of the stresses 
from flash-over. This figure shows wet flash-overs on 
a combination of the interlinked insulators and cap 
and pin insulators. The interlinked insulators form 
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the V part on the string. It is interesting to note the 
parallel arcs which occur under wet flash-over. Fig. 
19 shows a dry flash-over on a string of interlinked 
insulators. A study of these flash-overs by means of a 
high-speed camera is giving good results. 



Fig. 19 60-Cycle Plash-Over op Assembled String 


Conclusions 

We should at all times consider that porcelain is 
an extremely fragile material, and that very careful 
thought must be given to the assembly of porcelain 
with naetal parts, especially if the assembled unit will 
be subject to severe temperature changes or to me¬ 
chanical vibrations. 

Rapid strides in electrical procelain manufacture 
have been made during the past few years. Perhaps 
the greatest advancement is in the methods of produc¬ 
tion in the factory. 
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The manufacturers are very open to suggestions 
from the field and solicit the constructive criticisms 
which can, perhaps, be given to better advantage by 
men from the field than by men in the factory. This 
attitude will continue to react to the mutual advantage 
of all. 
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VOLTAGE AND CURRENT HARMONICS 
CAUSED BY CORONA 


BY F. W. PEEK, JR. 

General Electric Co., Pittsfield, Mass. 


T he following investigation was made to 
study the effects of corona in producing voltage 
and current harmonics in transmission systems. 
In the early work on corona in 1910 a very complete 
oscillographic study was made of voltage and current. 
It was found that the current wave of corona loss very 
much resembled the excitation current wave of a 
transformer or iron-core reactor. A typical corona 
wave is shown in Fig. 1.' This wave has a very 
prominent third harmonic. 

In 1919 three-phase corona losses were measured 
up to about 220 kv. on a line approximately 100 
miles long.'^ The corona losses, within the accuracy 
of such measurements, checked very well with the 
quadratic law. An interesting part of this investiga¬ 
tion was the discovery of very large triple-frequency 
currents in the neutral of the grounded A Y trans¬ 
formers. This current was in every respect similar to 
the triple-frequency excitation current found in Y 7 
grounded neutral transformers. One explanation for 
its existence would be the amplification of slight 
residual triple-frequency excitation voltages in A Y 
transformers by the high capacity of the line. It seemed, 
however, as the result of the early work referred to above, 

1 . Peek, “Law of Corona and Dielectric Strength of Air,” 
A. I. E. E., June 1911, “Dielectric Phenomena,” pp. 113, 207. 

2. W. W. Lewis “Some Corona Loss Tests,” General Electric 
Review. May 1920. “Some Transmission Tests,” Tkans. 
A. I. E. E., 1921, p. 1079. 
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that the harmonic was caused by corona loss over each 
half cycle. 

When an alternating voltage higher than the critical 
corona voltage is applied to a conductor the loss starts 
at a given point during each half cycle as the voltage 
increases, continues over part of the half cycle, and 
finally ends at a given point as the voltage decreases. 



Fig. 1—CoBONA Current—Single-Phase 

A varying amount of corona and loss thus occurs 
during a given part of each voltage wave. The 
conducting corona, in effect, makes a conductor which 
periodically varies in diameter. The capacity and 
loss, therefore, vary during parts of each wave. It 
follows that if a sine wave voltage high enough to 
cause corona loss is applied to conductors the current 
cannot follow a sine wave but must be distorted or 
contain harmonics. Pig. 1 shows that such a wave 



Loss Starts & Capacity 
begins to increase 

‘Loss becomes zero 
& Capacity Normal 


Fig. 2 


contains a prominent third. The phenomenon is, 
in fact, very similar to that of distortion in the exciting 
current wave where distortion occurs chiefly due to 
changing permeability during each half cycle. 

When corona loss occurs on three-phase lines with 
grounded neutral, three single-phase paths are afforded 
for the triple-frequency component of the current 


] 
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through the lines, the capacity to ground, the ground 
and the neutral ground connection as shown in Pig. 8. 
If a transformer with a grounded neutral is used at 
the receiving end part of the current may also be sup¬ 
plied through the transformer. The triple-frequency 
currents cannot flow in the lines if the neutral is not 
grounded. This follows because the triple-frequency 
components are 3 X 120 deg. = 360 deg. apart or in 
phase. Fundamentally the sum of the currents 
flowing to the neutral point must be zero. Since the 
currents are in phase the triple component can satisfy 
this condition only when it is zero; it can flow over 
the lines only when single-phase paths are afforded 
through the grounded neutral. Since with a sine 
wave voltage the corona current inherently contains 


<1 

Pig. 3—Three Single-Phase Paths for Corona Triple- 
Prequbnct Current 

a third harmonic the voltage between line and neutral 
must be distorted if this component is suppressed. 
Higher odd harmonics are also caused by corona. 
With symmetrically arranged conductors, however, 
only the third and odd multiples of the third can appear 
on the lines. 

Tests were made on short three-phase lines of very 
fine wire so that the corona loss would be excessive 
and exaggerate conditions. The transformers were 
of such a size that the corona loss was an appreciable 
load. A sine wave voltage was used. - There was a 
large triple-frequency current in the neutral. 

After curves were made on the line similar curves 
were made on 7-connected glass plate condensers of 
approximately the equivalent capacity of the line 
and of very small corona loss. The neutrals of the 
condensers and the transformers were connected 
together. 
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These tests were made to determine if the capacity 
of a line free from corona loss could cause high triple¬ 
frequency currents by amplification of residual triple¬ 
frequency magnetizing voltage harmonics in the A Y 
transformers. There were no appreciable neutral 
currents when the condensers were used. 

Fig. 4 gives a set of curves showing the corona 
characteristics of a three-phase line with A T-connected, 
grounded neutral transformers at the generating end 



Fig. 4—Corona Characteristics op a Three-Phase Line 
WITH A Y Grounded Neutral Transpobmers 


and open-circuited at the receiving end. All of the 
measurements, with the exception of the line and 
neutral currents, were made on the low side but are 
corrected for losses and referred to the high side. The 
high side or capacity current starts at zero and in¬ 
creases in a straight line until the corona point is 
reached. The current then increases much more 
rapidly than the voltage. This increase in current is 
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caused by a loss component and an added reactive 
component. The two components are plotted. It is 
seen that the apparent capacity of the line increases 
very rapidly with increasing voltage above the corona 
point. This is seen by referring to the dotted line 
which would represent the capacity current if there 


A 


B —1. Low side line current. 

2. High side line current. 

3. Neutral current. 

Fig. 5—AF Transformers anr Lines—^N o Step-Down Trans¬ 
formers 

150 kv., 60 '-w applied to lines—Transformer Bank No. 1 
(See Fig. 4) 

were no apparent increase owing to corona. To 
account for the reactive component it is necessary to 
assume* that the apparent conductor diameter has 
increased from 0.102 cm. to 8.0 cm. or about 80 times 
at 150 kv. The neutral current starts at the ■ 
beginning of corona loss and soon reaches a value 
which is comparable to the line current. 


Low side voltage between lines. 
High side line current. 

Neutral current. 
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Fig. 5 shows waves of low side voltage and line and 
neutral currents at 150 kv. 

The generator voltage is a very good sine wave. 
The neutral current contains a very pronounced third 
harmonic superposed on residual fundamental. The 
fundamental component in the neutral is caused by 
lack of exact symmetry in the lines or transformers. 
Fig. 6 shows a similar set of curves taken at 32.4 kv. 

The curves in Fig. 7 were made in the same way as 
those in Fig. 4 except that three banks of glass plate 



B —1. Low side line current. 

2, High side line current. 

3. Neutral current. 

Fig. 6— A F Transformers and Lines—N o Step-Down 
Transformers 

32.4 kv.. 60 -w applied to lines—Transformer Bank)jNo.“l 
(See Fig. 4) 

condensers connected in Y were substituted for the 
line. The condenser neutral was grounded and con¬ 
nected to the transformer neutral. There was a 
slight corona loss on the condensers and leads. The 
neutral current is practically negligible. What there 
is, is probably due to the slight corona loss. Pigs. 8 
and 9 show the current waves at 110 and 150 kv. 
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The neutral current wave at 150 kv. is interesting. It 
appears as a hump at the maximum of the voltage 
wave due to corona loss on the leads and edges of the 
plates. This loss does not appreciably change the 
capacity as in the case of corona on the wires. 

Fig. 10 gives corona characteristics of a line with 
the transformers connected A A . The corona loss 
is^ not appreciably changed by suppression of the 
triple-frequency current. 

K set of characteristic curves similar to those in 
Fig. 4 was made with a transformer of lower re- 



1 iG. 7— Capacity Load on A 1’ Grounded Neutral 
Transformers 


actance. See Fig. 11. The general characteristics 
are very much the same. The neutral current is 
less, however. The neutral current wave, as shown in 
Fig. 12, in addition to the third and fundamental 
contains a decided ninth. There is thus, apparently, 
a chance of amplification of the corona harmonics 
by the transformer reactance. The neutral current 
would, therefore, be expected to vary with the circuit 
constants. 

With a condenser load the currents were the same as 
in Fig. 7. The neutral current wave is shown in Fig. 13. 

In Fig. 14 A F grounded neutral transformers were 
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placed on the step-down or receiving end. It will be 
noted that the greater part of the neutral current is 
supplied from the generator end. The waves are 
shown in Figs. 15 and 16. The neutral current of the 


1. Low side line current. 

2. High side line current. 

3. Neutral cui’rent. 

Fig. 8—AF Transformers and Condensers in Y —Trans¬ 
former AND Condenser Neutrals Connected—N o Lines 
110 kv., 60 applied to condensers. 

Transformer Bank No. 1. 

(See Fig. 7.) 


1. Low side line current. 

2. High side line current. 

3. Neutral current. 

Fig. 9—A Y Transformers and Condensers in Y —Trans¬ 
former AND Condenser Neutrals Connected—N o Lines 
150 kv., 60 applied to condensers. 

Transformer Bank No. 1. 

(See Fig. 7.) 

receiving end contains a third and ninth. Fig. 17 
gives the same wave with the load disconnected. 

The measured and calculated corona loss curves, 
given in Fig. 18, check very well, especially when the 
small size of the wire is considered. The quadratic 
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law used in making these calculations is given in the 
appendix.® -This reduces to the form ordinarily used 
when the wires are large. While these measurements 
were made under conditions favorable for accuracy 
they emphasized the difficulty in obtaining accurate 
measurements on long three-phase lines. The devia¬ 
tion from the calculated curve is due to wave shape 
changes. 

Conclusions 

Corona will cause voltage and current harmonics, 
of which the third is the most prominent. 



0 20 40 60 80 100 120 

KV. 

Fig. 10— Corona Characteristics op a Three-Phase Line 
WITH A A Transformers 

When A Y grounded neutral transformers are used, 
the third and odd multiples of the third harmonic, 
such as the ninth, may flow in the neutral. 

, The neutral corona current will not be greater for 
several grounds than for a single ground, 
ggif the neutral is not grounded, distortion of the 
voltage may be expected. 

The harmonic neutral currents may be of the order 

3. Peek, “Dielectric Phenomena in High-Voltage Engineer¬ 
ing," page 136. 
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'Milli-ammeter 


Three Phase Lines - 280 Ft.(85m.) long 
Diameter,of Wires - 0.040 in.(0.1016 cm.) 
Test at 60 Transformer Bank No, 2 


_}Vattless Component of High Side I 
if Capacity remained Constant %!/ 


■jNeutral Current' 


L—Corona Characteristics op a Three-Phase L 
WHTH A Y Grounded Neutral Transformers 


1. Low side line current. 


2. Neutral current. 

3. Low side voltage. 


Fig. 12—a Y Transpobmbbs and Lines—No Step-Down 
Transformers 


100 kv., 60 ~ applied to lines. 
Transformer Bank No. 2. 

(See Pig, 11 .) 


I 

I 
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1. Low side line current. 

2. Neutral current. 

3. Low side voltage. 

Fig. 13—a Y Transformers and Condensers in Y —Trans¬ 
formers AND Condenser Neutrals Connected—^N o Lines 
100 Rv., 60 ~ applied to condensers. 

Transformer Bank No. 2. 



Fio. 14—Corona Characteristics of a Three-Phase 
Line with AY Grounded Neutral Transformers at Step- 
Up End and FA Grounded Neutral Transformers with 
Load at Step-Down End 
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of the capacity current of the line when the corona 
loss is excessive. 

In properly designed practical transmission lines, 
the harmonic introduced by corona should be in¬ 
appreciable. 

The apparent capacity of the line increases rapidly 
above the corona point. At 150 kv. the capacity 
current is equal to that for conductors of 80 times the 
radius of the one used. 



1. Low side cuiTent. 

2. Neutral ciuTent —Step-down transformers. 

3. Low side voltage—Step-down. 

Pig, 15 A Y Transformer Bank No. 2, Lines, Y A Step- 
Down Transformer Bank No. 1. 

150 Rv., 60 - applied to lines-with load. Both neutrals grounded. 



-j. JNeutral current—Step-up end. 

3. Low side current—Step-down. 

Fig. 16—a F Transpoemee Bank No. 2, Lines, F A Stei 
Down Transformer Bank No. 1 
Csi Kg' lines—with load. Both neutrals grounded. 
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neutrals 


'Measured- 


'Transformer Bank 


'C/ALCTJLATED AND MeASUEED CoRONA LoSS ON ThREE- 

Phase Lines 
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The above tests were purposely made with very 
small wire and high voltage in order to exaggerate 
the effects of corona. 

The harmonics are affected to some extent by the 
transformer constants. 

Calculated and measured corona losses checked 
very well. 

Thanks are due Mr. W. L. Lloyd, Jr. for assistance 
in making tests and calculations. 


Bank No. 1 


APPENDIX 

Transformers 


Eaih Transformer, 10 kv-a., 400/100,000 volts 25 ~ 
Resistance low side, 0.08 ohms. Resistance high 
side, 16,400 ohms. 

Reactance reduced to high side, 116,000 ohms at60~ 
Bank No. 2. 


Each Transformer, 15 kv-a., 440/100,000 volts, 60 ~ 
Resistance low side, 0.042 ohms. Resistance high 
side, 5,760 ohms. 

Reactance reduced to high side, 32,000 ohms. 


Line 

New copper wire. Diameter 0.040 inches (0.102 
cm.). Wires arranged in a triangle at 3 ft. (91 cm.) 
spacing. Length of each wire 280 ft. (85 m.) 

Condensers 

Glass plates in air. 

Capacity to neutral. 1.25 X 10-* m.f. 


Quadratic Law 


p = 241 (/ -f 25) (e - e,y 


9d = god 


10 ® kw. per km. per wire 


1 4 ~ 


0.30 


\/d r 
® = Wo Qdr log* s/r 
s = spacing in cm. 
r = radius in cm. 
mo = 0.95 


X 


(1 + 230 r^) 


X _ 3.92 6 

273 -f < ^ 

P = 0.00217 (e - 14.)2 kw. 


bar. pressure cm. 
temp. deg. cent. 





Step-up Transformers—No step-down Transformers 
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A SOLUTION OF THE PORCELAIN INSULATOR 
PROBLEM 


BY E. E. F. CREIGHTON 

General Electric Co., Schenectady, N. Y. 
AND 

AND F. L. HUNT 
Turner Falls Power and Electric Co. 


M any years ago porcelain insulators on trans¬ 
mission lines began to crack in great numbers. 
In the earlier cases a few disks in many strings 
had cracked before^ the transmission engineers had 
discovered the condition. Indeed, there was at that 
time no reason to believe that insulators would de¬ 
teriorate in any way. As a result of these many 
unobserved failures which simply reduced the factor 
of safety in each insulator one accidental failure 
finally introduced surges which punctured many other 
insulators just on the point of failure. These failures 
were tens of miles apart. Thereby the whole system 
was put out of use. 

Today these general failures are avoided by a 
systematic test of each disk at intervals of time de¬ 
pending upon the conditions of installation and the 
judgment of the transmission engineers. 

The cause of most of the failures of these insulators 
may possibly be reduced to one condition, namely 
the presence of the Portland cement. To be sure, the 
Portland cement at times was only indirectly the cause 
when it simply supplied the moisture which very 
slowly distilled into porous porcelain. The most 
usual cause of failure of the disks, however, was due 
to a characteristic of Portland cement itself. When 
Portland cement is dried out it shrinks. When it is 
again wet it expands not only back to its initial size 


117.3 
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but a little more. In each cycle of drying and re¬ 
wetting the cement increases in volume until it tightly 
fills the entire space between the metallic hardware 
and the porcelain. When this condition is reached 
an unusually warm day will cause an unusual expansion 
of the metal, and the resulting strain will be transmitted 
directly through the Portland cement to the porcelain. 
A crack will result. 

Progress in decreasing these failures has been made 
by the manufacturers of porcelain insulators. For 
example, instead of resting the cap directly on the 
porcelain of the usual suspension insulator it is now 
separated by a slight clearance which prevents the 
cap from pushing the head off the insulator. This 
improvement is easily made and has no detrimental 
factor. 

For the expansion of the pin the conditions have been 
possibly somewhat improved by the use of a layer of 
soft material next to the porcelain. Unless other 
conditions are made to conform with this change the 
insulator is weakened mechanically. 

Improvements have been made in the matter of 
open porosity by greater care in firing. Some manu¬ 
facturers have also endeavored to overcome this 
difficulty by glazing all surfaces. 

In spite, however, of all of these conditions, the 
older insulators on transmission lines from all manu¬ 
facturing companies still fail in sufficient percentages 
to require the expense of a periodic test and examina¬ 
tion. There is an amelioration without a cure. In 
other words, the life of the insulator has been increased 
but the tests must still be continued. 

The writers attempted to find several solutions 
of this problem and there is described herewith the 
satisfactory results of one of these methods. Porce¬ 
lain disks and hardware were purchased, unassembled, 
from a reliable manufactmer of insulators. The 
porcelains were all examined relative to porosity. They 
were all highly vitrified, in fact there was not the 
slightest trace of open porosity in a single one of them. 
A few faults were on the side of overvitrification which 
manifested itself in a detrimental way by slight checks. 
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Punctures, where they occurred, took place through 
these checks. Very severe high-frequency . voltages 
were applied by means of the well-known oscillator. 
The losses due to these extra severe tests were reason¬ 
able. 

The solution of the main problem—the prevention 
of failure of the present type of cemented insulators— 
lies in arresting the expansion of the cement. The 
easiest method of accomplishing this is by removal of 
the moisture from the thoroughly set cement and the 
prevention of its re-entering the cement. This was 
thoroughly done by impregnation under vacuum on a 
large number of the insulators and was less thoroughly 
done on a portion of the insulators with the idea of 
determining the difference in life, if any, due to the 
difference in thoroughness of the impregnation. 

In the endeavor to reach 100 per cent results it was 
necessary to study the characteristics of Portland 
cement when impregnated by different substances. 
One of the commonest impregnating substances of an 
insulating nature is paraffin.^ It was found, however, 
that a chunk of Portland cement that had been tho¬ 
roughly impregnated with paraffin by vacuum and heat 
treatment and then broken would still absorb moisture 
through the broken surfaces. A better material was 
therefore looked for. Some of the pitches were found 
to give perfect results. Portland cement impregnated 
with pitch could be broken into small pieces and soaked 
in water for days without the slightest indication of 
absorption of the water. 

As already stated, different methods of impregna¬ 
tion were applied. This work was done in the labora¬ 
tory during 1917 and the spring of 1918. The majority 
of the insulators were given a thorough vacuum treat¬ 
ment under heat and were impregnated under pressure 
with the intention and hope of getting 100 per cent 
perfection and a life of indefinite length—much more 
than twenty years. In order to get a forecast of the 
future, laboratory processes of aging were developed. 

A large wheel, twelve feet in diameter, which is known 
in the l aboratory as the Perris wheel, was made and 
1. XJ. S. Pat. 1,360, 896. 
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operated with the axis in a horizontal plane. Around 
the rim insulators were secured with bolts and these 
insulators, were passed through a cooling box next to 
the floor and a heating chamber near the ceiling. The 
insulators were exposed to the air between these two 
extremes of heat and an actual blast of moist air was 
turned on them as they slowly moved around. Here 
was a device then that gave the extremes of temperature 
and moisture from 20 deg. cent, below zero to 120 
deg. cent, above. The range of temperature and 
moisture was exaggerated and the rate of change of 
temperature and moisture was also exaggerated above 
that found in practise with the idea of hastening any 
effect that might develop in actual practise. It was 
estimated that the effect of a single revolution on thi.ci 
wheel would give the insulator more severe strain than 
would take place in six months in practise—in other 
words, that two revolutions were equivalent to a year. 
In this way artificial tests were made extending over 
more years than any of us will live to enjoy. 

In criticism of this method it should be pointed out 
that it does not give a thorough test of the distillation 
of moisture into porous porcelain, but it has already 
been pointed out that these insulators were absolutely 
without open pores and that consequently that par¬ 
ticular feature was not of interest. 

Another set of tests was made on these insulators 
which was more severe in the rate of change of tempera¬ 
ture, namely by changing from boiling water to freez¬ 
ing water every half-hour. By these methods we 
satisfied ourselves that the inpregnation was effective 
and that the insulators were ready for installation. 

The Most Important Conclusions to Date 

Eleven hundred of these insulators, carefully marked, 
were installed on a 66,000-volt transmission line near 
the seashore in New England in July and August, 1918, 
and put into operation in November, 1918. Up to 
the present time there has not been a single failure among 
the lot. 

^ Thirty-six hundred other insulators of the same de¬ 
sign, and built in the same factory, were shipped 
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direct from the factory, having been assembled at the 
insulator factory, and installed on the same line at the 
same time as the others. 

_ A test made on the whole line about a year after 
It was put into operation showed 133^ per cent of 
failures among the insulators which came direct from 
the insulator factory and no failure at all on those 
which had received the above described treatment. The 
insulators were then about two years old. 

Up to the present time there have been additional 
tailures, amounting to 2 or 3 per cent, among the in¬ 
sulators which came direct from the factory, but no 
failures whatever in the insulators in which the ce¬ 
ment was treated. 

Following are some comments relating to (1) the 
mechanical strength, (2) electrical tests treatment, 
(3) line testing, (4) aging of porcelain, and (5) open 
porosity of porcelain-which seem pertinent to the 
subject in hand. 

1. Mechanical Strength. In discussing the me¬ 
chanical strength of insulators as affected by impreg¬ 
nation of the cement, it is desirable to avoid the intro¬ 
duction of other factors which are independent of the 
treatment of the cement. For example, it is well- ■ 
known that the geometrical dimensions play a leading 
part in determining the mechanical strength. A large 
head and a deep pin-hole give more bearing surface 
lor the cement and thereby increase the ultimate 
pull on the hardware. Therefore a type of disk 
and hardware will have a fairly definite mechanical 

strength if the cementing is done in the most favorable 
way. 

^ If the cement is sufficiently set to transmit the 
lorce to give the ultimate strength of porcelain in 
tension (about 2000 pounds per square inch, 140 kg. 
per square centimeter) and, furthermore, fills the 
space between hardware and porcelain surfaces suffi¬ 
ciently snugly to transmit the mechanical force uni¬ 
formly , what more can be asked of the cement? The 
type of insulator will then give its maximum mechani¬ 
cal pull.” 

To arrive at this desired condition the manufac- 
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turing details depend on the application of a few sci¬ 
entifically determined factors. To illustrate briefly: 
The problem of attaining the proper conditions of the 
cement was approached by experimenting first with 
the two extremes. At one extreme the cement was 
set rapidly in live steam at a pressure of 120 pounds 
per square inch (8.5 kg. per square centimeter). Most 
of the disks came out of this treatment with the por¬ 
celain cracked due to the expansion of the Portland 
cement. At the other extreme the cement was set 
for a few days only under conditions of normal room 
temperature. As a result, either the pin slipped out 
of the cement in the “pull” test (as was usual) or the 
cap slipped over the cement. Sufficient “set” and 
“snugness” of the cement may be obtained by a ma¬ 
nipulation of the factors at either extreme—less time 
and steam temperature starting from the upper extreme 
or more time and temperature starting from the lower 
extreipe. 


It is impracticable to give details here in this brief 
account. The treatment must be adjusted to the type 
of cement. For example, some of the gray cements 
seems to have common characteristics. It is possible 
that refinements in the research would show varia¬ 
tions in the cement of the same manufacturer at 
different times of manufacture. We did not go that 
far. White cement showed the greatest expansion. 

The important point in the proposed solution of 
this problem is that when the cement is given a de¬ 
sirable set” and “fit” the impregnation excludes 
moistere which would otherwise change the optimum 
conditions as the cement grew older. The impreg¬ 
nating material must, of course, be of such a chemical 
nature as not to attack the cement. If the factors 
which cause changes in the cement are excluded why 
will not the cement remain constant forever? 

2. Electrical Tests. The insulators at the factory 
and also the specially treated ones in the laboratory 
were given severe high-frequency tests. Those authori¬ 
ties who have expressed their fear of permanent damage 

feeuLT^'^t^^ body by the severe electrical tests may 
feel inclined to explain the loss of over 13 per cent in 
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only two years of life by attributing it to the severity 
of the tests. This would seem hardly tenable ground. 
The insulators with impregnated cement were also 
given the severe electrical tests and none has failed. 
Is It not more probable that in the assembly of porce¬ 
lain and hardware in the factory the particular cement 
and the particular treatment of it expanded the cement 
to a snug fit and the alternate dry and moist winds 
of the New England coast caused a further expansion 
of the tightly fitting cement, followed by a resulting 
breakage of the porcelain? 

3. Line Testing. Again it is desirable to emphasize 
the fact that 100 per cent perfect insulators are a good 
investment financially, while the extra money expended 
in im-proving the insulator is of questionable economy. 
In one case the expensive and dangerous line tests are 
not necessary, whereas in the other case the line tests 
are still necessary although they may be made somewhat 
less frequently. It takes just as long to test 1000 
insulators containing one defective as with a number of 
defectives. The goal is no testing. 

4. Aging of Porcelain. The aging of porcelain is a 
question frequently brought up. Distinction should 
be carefully made between the deterioration of insu¬ 
lators and the deterioration of porcelain. There can 
be no question regarding the former. There is, how¬ 
ever,^ a grave question whether porcelain in itself 
deteriorates with age. The series of tests of the appli¬ 
cation of heat, cold, and moisture to normal porcelain 
which may be described at a later date, gave not the 
slightest indication of any change in the porcelain 
structure. By normal porcelain is meant the combina¬ 
tion of clay, feldspar, and flint in 'the proportion of 
about 5, 3 and 2 respectively and fired to a vitrifi¬ 
cation sufficient to do away with open pores. The 
time and temperature are of the order of 4 to 6 hours 
at about 1380 deg. cent. The tests used to discover any 
possible changes in the porcelain were: puncture 
tests on 60 cycles and 200,000 cycles, hysteresis tests, 
and impregnation tests of dyes on broken pieces of the 
porcelain. While it is tenable that improperly made 
porcelain, using certain grades of quartz instead of 
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flint and introducing other foreign chemicals, such as 
might come in the ball clay or other ingredients, may 
deteriorate in time, we have not yet found any such 
results in our researches. Porcelain protected by 
glaze is naturally free from moisture. It is therefore, 
in an insulator, subjected only to the range of atmos¬ 
pheric temperature and the mechanical strains due 
to the suspended transmission lines. While silica 
assumes a number of molecular conditions at unusually 
high temperatures there seems little likelihood that 
molecular changes at atmospheric temperatures could 
be a source of deterioration. The chance of deteriora¬ 


tion IS such a slight factor as compared to more evident 
conditions that we may properly relegate it to a second^ 
ary position for the present in analyzing the faults in 
porcelain insulators. To be sure, if the porcelain is 
openly porous and moisture is gradually distilled into 
the pores and is there frozen, the expansion of the 
moisture in the cells of the porcelain may increase 
the porosity. This is not an argument proving the 
deterioration of pcucelain with age, but an argument 
favoring the proper vitrification of the porcelain, and 
the glazing of the surfaces exposed to moisture to take 
care of those inevitable cases of slight under¬ 
vitrification. 

5. Opere PorosUy oj Porcelain. In conclusion it 
should be noted that the use of dry impregnated cement 
solves also the problem of deterioration of resistance 
of porcelain due to the absorption of moisture. 

^ As an incidental auxiliary matter, the manufacturer, 
by request, supplied a few special, underfired insulators 
for comp^ison and,a method of determining the under- 
feed condition, without destroying the porcelain, was 
tned. This laboratory test was of the nature of 
hysteresis loss in the material. A description of it 
s out of the scope of the present paper. None of 

these was mstalled. 

Fmd Comments Three to four years is not sufficient 
to fimnish absolute proof of the success of this 
method. More reliance is placed on the 
artificial agmg test of the laboratory. There are 

Sone to 

A ■ ® the matter as a progressive step. 
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Abstract of Paper 

advantages to be realized from the 
star-star connection in intereonneeting Mgh- 
\oltage transmission systems and from the fact that this 
requires the use of an auxiliary winding eon- 
stabilize the neutri point or to 
decrease the inductance in the ground connection -i 
great majority of the transformers designed for inter 

former, *l«ee-iinding t?ansl 

^yp® transformer which would be 
included in this general class would be that havinf f,! 
auxiliary winding for feeding a .sjuicferaotil 
end'of thehn^ controlling the voltage at the receiver 

iilternatives such as the choice between 
m!tt« ^‘^pn-ooolmg, or between single-phase 

units and three-phase units, differ in no wav from 
the same questions on transformers for ordinary se?l 
vie-e. However, there are a number of important 
eatiires peculiar to thriTic-winding transformers for these 
classes of service that complicate the cKsign and 

Xofthese m-obhimf ‘’“"‘^'dera- 

ferrSifS- 

are' 

Phase Displacement Between Iintbrconnbcte 
Systems 

I F TWO transmission systems are tied in at one poin 
only, the phase displacement between the tw 
^ systems is fixed by the transformer connectioi 
which IS used at that point. Future interconnections be 
tween the two systems must be consistent with thos 
which have preceded them. A 30-deg. phase dis 
placement would require the use of a delta-star con 
nection. A 0-deg. or 180-deg. phase displacemen 
would require the use of either the delta-delta or th^ 
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star-star connection. The most common condition is 
probably 0-deg. phase displacement in which case 
there is a choice between the use of the delta-delta or 
the star-star connection. The logical choice between 
these two alternatives is the star-star connection for 
the following reasons: 

First. It reduces the average insulation stress be¬ 
tween the windings and the core of the transformer. 

Second. It offers an opportunity to ground either 
or both the system neutrals at the transformer. 

Third. It results in a cheaper and smaller trans¬ 
former.' 

Fourth. It offers an opportunity for further re¬ 
duction in first cost when the neutrals are grounded by 
the use of graded insulation. 

^ Fifth. It offers an opportunity for further reduc¬ 
tion in first cost by the elimination of one high-voltage 
bushing. 


Economy of Star-Connected Transformers 

The average voltage stress between windings and 
core is 43.3 per cent of the line voltage in a delta- 
connected winding, but only 28.9 per cent in a star- 
connected winding, the latter figure being just two- 
thirds of the former. 


A star-connected transformer is cheaper to build 
than a delta-connected one because of the better space 
factor resulting from the fewer number of turns of 
correspondingly larger cross-section. The difference 
between the costs of the two is a function of the volt¬ 
age and of the capacity of the transformer, and be¬ 
comes more marked as the voltage increases and the 
capacity decreases. The dry weight of a transformer 

idusive with its case but 

exclusive of the oil, is sometimes used as a criterion 

of the cost of transformers. Fig. 1 shows the relation 
between the dry weights of star- and delta-connected 
single-phase 60-cycle, 66,000-volt transformers and 
the kv-a. of the transformer. The dry weS of tt 
^-connected transformer is expressed as a percen- 

foSef of the"^ weight of the delta-connected trans¬ 
former of the same rating. The saving of the star 
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connection over the delta connection is evident from 
this curve. For higher voltage classes the differences 
would be still more marked, while for very low volt¬ 
ages they become negligible. In fact, for extremely 
low voltages the heavier current may be a handicap 
and throw the difference in favor of the delta connec¬ 
tion. The economies effected through the use of the 
star connection for high voltages often result in a 
reduction in the dimensions as well as the cost. 

When the neutral of the system is directly grounded 
at both ends of the line it is often the practise on star- 
connected transformers to taper the insulation between 
the windings and the core more or less in proportion to 



tiG. 1 Dry Weight of Onb-Phase, CO-Cycle, 66-Kv. 
Star-Connected Transformers in Per Cent op Equiva¬ 
lent Delta-Connected Transformers 

the stress between them and to test them with an in¬ 
duced voltage rather than a disruptive test. The 
Standardization Rules of the A. I. E. E., Article 
6361-e, specify the test for apparatus connected to 
permanently grounded single-phase circuits of more 
than 300 volts as 2.73 times the voltage to ground 
-l-_ 1000 volts, but the same rule specifically states that 
this test shall not apply on three-phase apparatus 
with grounded star neutral. However, where trans¬ 
formers have been supplied in the past with graded 
insulation, the practise has been to apply the .sa-mp rule 
to three-phase circuits until this practise is now pretty 
well ^ established. Grading the Insulation between 
winding and core proportionately with the stresses, 
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results in a considerable saving and makes it possible 
to eliminate one of the high-voltage bushings. The 
cost of high-voltage bushings is quite an item and the 
increased clearances possible with only one high-volt¬ 
age bushing through the cover make for greater 
safety. 

Star-Star Connection is Adapted to the Use 
OF Auto-Transformation 

An auto-transformer offers a decided saving in first 
cost over an equivalent transformer with separate 
windings but it can only be applied under certain 
conditions. These conditions are fulfilled with the 
star-star connection when the neutral point is directly 
and permanently grounded. If the neutral of the 
three-phase star-star connected auto-transformer is not 
directly and permanently grounded, serious stresses 
will be put upon the system having the lower line voltage 
in the event of one of the higher voltage lines grounding 
accidentally. Assume a three-phase star-star con¬ 
nected auto-transformer stepping down from 150,000 
volts and 66,000 volts with the neutral free. In the 
event of a ground on one of the 150,000-volt lines the 
potential of the 66,000-volt lines above ground would 
be increased from 38,100 volts to 48,500 volts on the 
line m the same phase on which the ground occurs and 
to 110,800 volts on the other two lines. (Fig. 2.) 

The amount of saving effected by the use of auto¬ 
transformers as compared with transformers with 
separate windings depends upon the ratio of trans¬ 
formation. The equivalent size of the auto-transformer 
to transform a certain kv-a. expressed as a fraction 

of the kv-a. is ip— where Vi and V 2 are the 


higher and lower voltages respectively. It is evident 

from this expression that the greatest reduction in 

size and cost occurs when V^ and 7, are of nearly the 

s^e magnitude. If this were the only consideration 

formed* application for an auto-trans- 

rneSlvZ t Htransformation 
is nearly unity. However, the impedance of an anto 

transformer is lower than that of an equivalent traL- 
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former with separate windings, in the same ratio as 

the equivalent size is reduced, namely — — T 

so that as V 2 approaches V j the impedance approaches 
0. The low impedance of the auto-transformers in 
the range of voltage ratios where they present the 
greatest economy works against them as it allows very 
heavy currents to flow through them at times of short 
circuits. When the transformation ratio falls much 
below 1 to 1.1 it becomes almost impossible to design 
an auto-transformer which will be self-protecting, i. e. 
will withstand the forces incident to a dead short cir¬ 
cuit with sustained voltage without mechanical injury. 
The result of this situation has been to limit the applica¬ 
tion of auto-transformers to that range of voltage ratios 
where the stresses due to short circuits are within 



Fig. 2- Voltages to Gkound with Star-Star Aoto-Trans- 
FORMEES AND NeITTRAL FreE 

reasonable limits. A review of the past applications 
of auto-transformers to power transmission systems 
indicates that the majority of such applications has 
been where the ratio of transformation was in the 
vicinity of two to one. 

The economy of the star-star connection, the avail¬ 
ability of ground connections, and its adaptability 
to the use of graded insulation and auto-transforma- 
tions, gives it a great advantage over the delta-delta 
connection for use in interconnecting power systems 
and it has been used almost exclusively in the past 
where 0-deg. phase displacement is desired. 
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Star-Star Connection Requires the Use of 
Auxiliary Winding Connected in Delta 
When the star-star connection is employed it is 
necessary to have an auxiliary or tertiary winding 
connected in delta to obtain satisfactory operation J 
In all single-phase transformers and in three-phase 
transformers of the shell ts^e of construction, a ter¬ 
tiary is necessary in order to supply the triple harmonic 
component of the exciting current which is suppressed 
by the star-star connection. If the triple harmonic 
exciting current is not supplied there will be a triple 
harmonic in the phase voltage which will produce an 
unstable neutral. This cannot be permitted on account 
of the insulation stresses imposed on the system- In 
the three-phase core type of construction the return 
circuit for the flux in any leg is through the other two 
legs. The deficiency in third harmonic excitation in 
any phase at any given instant is supplied from the 
other two phases which have an excess of third har¬ 
monic excitation at that instant. There are other 
considerations which will be discussed later, under the 
effect of the tertiary upon the currents which flow when 
a high-voltage line accidentally grounds, which make 
advisable the addition of a tertiary winding in the 
three-phase core-type transformer even though it is 
not required to stabilize the neutral. 


Use of a Tertiary Winding to Furnish Power 
for a Synchronous Condenser 
A tertiary winding is often used.to furnish power to 
a synchronous condenser used for regulating the volt- 
age at the receiver end of a transmission line. It is 
often possible to effect a considerable saving by hav¬ 
ing the transformer, which would be required for the 


fha f IS supplying leading kv-a. and 

^ power factor the two loads 

eombme to reduce the current flowing in the primarv 

e addition of the condenser winding will 
A. "" Mr. J. P. Peters. Th.ks. 
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not increase the size of the primary winding as long 
as the condenser does not exceed twice the reactive 
component of the main load. If the condenser load 
were maintained at all times, it would even be possible 
to reduce the size of the primary. This is seldom the 
condition, however, and it is therefore the practise 
to design the primary so that it will carry full load 
With the condenser shut down. 

The third winding in a transformer, whether it be 
for stabilizing the neutral point or for reducing the 
inductance in the connection between neutral and 
^ound in a star-star connected bank or for supply¬ 
ing power to two loads of different power factors 
introduces many features which must be recognized 
in the design and considered in predicting the opera¬ 
ting characteristics of such transformers. 

Limitations Imposed on Grouping op the Windings 
When transformers tie together three systems 
where the flow of power may be from any one to the 
other two or vice versa, one of the first requirements 
is that the reactance between any two windings be 
of about the same magnitude. If this is not the ease, 
there will be large differences between the regulation 
with varying conditions of power flow between the 
interconnected systems. Moreover, with power supply 
on all three systems, if the reactance is low between 
any two of them, the currents flowing under short- 
circuit conditions will become dangerously large and 
there will be danger of mechanical injury to the trans¬ 
former. Thus the problem is one of getting high 
enough reactance between any two windings without 
making that between any other two excessive. 

In the single-phase concentric-coil core type of con¬ 
struction there are two ways in which the three wind¬ 
ings may be arranged with respect to one another. 

The first arrangement, Fig. 3a, will result in nor ma] 
reactance between primary and secondary and be¬ 
tween secondary and tertiary, but in very high reac¬ 
tance between the primary and the tertiary due to 
the greater separation and the resultant heavy leakage 
across the space occupied by the secondary winding. 

In the second arrangement, Fig. 3b, by making the 
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disposition of the windings on the two legs different 
it is possible to equalize the reactances between pairs 
of the windings. This is a rather dangerous compromise 
however, because the leakage flux between any pair 
of windings in one direction on one leg is greater than 
that returning on the other leg. The excess will have 
to return through the space surrounding the trans¬ 
former and would result in an intolerable condition 
due to the heating caused by the stray flux. If the 
loads on both secondaries happened to be in phase 
the condition would be improved as then the sum of 
the leakage would be the same on both legs. This is 
a condition which would be difficult if not impossible 



Fig. 3 Partial Section Through Core-Type Transformer 
kShowikg Disposition op Windings 


of accomplishment under operating conditions. With 
loads of different power factors the leakage flux be¬ 
tween one secondary and the primary would be out 
of phase with that between the other secondary or 

in the condition just 
tranSo®'^' ^ three-phase concentric-coil core-type 
hiS alternative but to submit to a 

a^aVthfl?"/- r ® inasmuch 

as ail the winding for one phase is on one leg. 

offh^ transformer it is possible on account 

SuaW thP r'""® interlacing of the windings to 

without between all pairs of windings 

without causing heavy stray fields through the un 
balancing of the leakage flux. 

Refer to Pig. 4 and note that each half of the trans- 
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former is balanced in itself, ie., the total leakage 
between Pj and S is the same on the left side of Pi as 
on the right side. The total leakage between Pa and 
S is also the same on either side but its magnitude is 
dilferent from that about Pi. The location of T 
with respect to P in one-half of the opening is the same 
as that of S in the other half so that the reactance 



Fio. 4 —Partiai. Section Through Shell-Type Transpormisk 
Showing Disposition of Windings 

between any pair of windings will be substantially 
the same without creating an unbalance which will 
result in heavy leakage fields. 

From the foregoing discussion it is quite evident that 
to design a three-winding transformer to meet certain 



specified values of reactance between each pair of 
windings would impose conditions which are extremely 
difficult and sometirnes practically impossible to fu fili. 
This might be the condition presented to the designer if 
called upon to design a three-winding transformer to 
operate in parallel with another unit of different rating. 
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Regulation op Three-Winding Transformers 
A three-winding transformer will usually have dif¬ 
ferent voltage drops from primary to secondary and 
from primary to tertiary. Moreover, the voltage drop 
between primary and secondary is usually affected 
by the load on the tertiary so that if the tertiary is 
loaded there may be a drop from primary to secondary 
even though the latter winding is idle. 

Let the sub-numbers and sub-letters refer to the 
windings as indicated in the sketch. Fig. 5. 

R = resistance in ohms at reference voltage, 

L = self-inductance in henrys, 

M = mutual inductance in henrys, 

^ = reference voltage expressed as a complex quantity, 

~ in winding at reference voltage expressed 

as a complex quantity, 

X = reactance between windings 
= M(L„-2ilfp,+ L,) 

_ = 2w; (L - M) where = L,. 

1 he voltage drop m each winding will be: 

E_^, = - - j w (L„ U, -b Ma, lu -f-' M.. Jse) (1) 

|34 ^ - E, I,,-jw (L, I,, 4 - Ma, I,, + 7 „) ( 2 ) 

^36 - - R. /sa - y w (L, I,, + Ma. 7i, + M734) (3) 

= - iUi + Ise) 

= +R^(Iu+ If. 6 ) +jw [L^ (734 + /se ) 

- 734 - Mac /se] 

Es, = - Rft 734 - y W [ L, 734 - Ma, (734 + lu) 

+ Mtclt,e] 

E,, = - 7,^ _ y ^ f 

-hMiclsi] 

The voltage drop from winding a through winding b: 
(^ 2 - ^u) = {Ra + Ri) I^i+j W {La-2Mai 

+ Li ) In + R, 7^5 

^hc) /se 

Addmg 1/2 jw{Li- Li + L,- Lc) I,, 
and recombining, 

= (Ro + Ri) ^4 + y {La ~ 2 Mai + Li) L 

^ + 1/2] w [{La-2 MaiLi) 

+ (L<. - 2 Mac + Lc) - {Li -2 Mi 

+ ) ] Iti 


(4) 


(5) 


( 6 ) 


(7) 


( 8 ) 


lie 



( 9 ) 
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but, w (Lp — 2 Mp, ~~ L,) is the reactance between 
primary and secondary, then, 

- (Eu-Es) = [(Ra + R,) +jX,,]Iu 

+ [R, + 1/2 j (Xa, + - Xt/) ] /56 ( 10 ) 

in the same way 

- (E,, - E,,) = [ + R,) +j X.,] /56 + [Ra 

+ 1/2 j (Xat + X„ - X,,) ] I,, (11) 

These voltage drops will appear as complex quantities 
and may be reduced to percentage by dividing by the 
reference voltage E . They will then be in the form 

± a % ± i 6 %. 

% Regulation = ±a% + - 200~ 

The sign of the regulation may be positive or negative, 
a positive sign indicating a drop and a negative sign 
a rise in voltage as the load is increased. 

It will be noticed that in each voltage drop there 
is a term which depends upon the current which flows 
in the winding which is not being considered, for 
instance, in the voltage drop from winding a to winding 
b there is a component produced by the flow of the 
current Jse in winding c. This indicates that there 
will be a certain amount of regulation on a winding 
even at no-load, providing load is being taken from one 
of the other windings. The. condition under which 
this influence will be a minimum is that -h Xac 
= X,r.. 

The following tables will indicate in a general way 
how changes in load affect the regulation of a typical 
three-winding transformer. The transformer chosen 
is typical of the type under consideration. It is a 
35,000-kv~a., single-phase, 60-cycle, star-star con¬ 
nected transformer designed to step down 30,300 kv-a. 
at 100 per cent power factor, from 220 kv. to 66 kv. 
and to supply a synchronous condenser of 17,600-kv-a. 
capacity at 13 kv., the tertiary winding being connected 
in delta. 
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TABLE I 

Regulation m per cent with varjdng condenser load. Load on 66-kv. 
winding constant at 30,300 kv-a. 100 per cent power factor. 

Kv-a. at 0% power ’ “ 

Regulation on 13-kv. 
line 


factor on 
condenser 

100 % leading 
75 “ “ 

50 " 

25 « 

0 “ 

25 “lagging 


Regulation on OO-kv. 
line 

- 3.12 

- 2.12 
- 1.10 
- 0.095 
+ 0.91 
+ 1.92 


10.75 

7.95 

5.12 

2.31 

0.4S 

3.29 


TABLE II 

Kegulation in per cent with varying load. 


Condenser supplying 17,500 


ICv-a. at 100% 
power factor 
on 66-i:v. line 

Regulation on 
66-kv. line 

Regulation on 
13-kv. line 

100% 

75 

50 

25 

0 

- 3.12 

- 3.43 

- 3.69 

- 3.89 

- 4.04 

- 10.75 

- 10.91 

- 11.06 
- 11.18 
- 11.24 

TABLE III 

— —-PWgg^7.500irr-a.at 0 per cent power factor leading 

ou.ouu K;v-a. on 66-kT. 
line at power factor* 

Reg. on 66-kv. line I 

Reg. on 13-kv. line 

100% 

95 

90 

85 

80 

- 3.12 
~ 0.26 
+ 0.83 
+ 1.60 
+ 2.25 

- 10.75 

- 8.59 

- 7.75 

~ 7.15 

~ 6.67 


itZ r ™ ADTO-TR«,srORMEES 

auto-toisfomw'S °a V*?’**^ Mnnected 

- a special 

of loaLg. ’ tte* conditions 

(A) Winding 13 delivering power to nr » ■ • 

power from, windtojfisle'^^l' 
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(C) Winding 45 delivering power to, or receiving power 
from, windings 13 and 23. 

Case A. Let / with proper subscript = current due 
to load on auto-transformers. 

Let I' with proper subscript = current due to load on 
two-winding transformer. 

Eiz == JRfi Ji2 Rb 12^ — {Ra “b Rb) /l3^ 

J W {La 112 + /& /23 + Mah /l2 + Mab 123 

4 “ Lab Iiz' + Mab -c I'u) ( 13 ) 

E 23 = - Rb (hz +- Iiz) - j W [Lb (I 2 Z + Iiz) 

4 ” Mab (In 4" I 13 O Mbe ( 14 ) 

Eu = Rc lib' 3 ^ {Lc 14b' 4“ Mac /l2 4" Mbe 12Z 

Mab-cl 13 ) ( 15 ) 

In order to handle the ratio between windings a b 
and b it is necessary to introduce a factor r. 


1 2 8 





Fig. 6 



. /12 1 

and "v— == -r or 

/23 r- 1 

I 2 Z = “ (r - 1) / 12 ; also, 1 4 b' - Iiz' 

Then, 

E13 ~ [Ra (r 1) ] /12 — Rab Iiz' — j W [La 1 12 

— {T 1) /i 2 4" (2 — r) Mab 1 12 ”4“ -pat Iiz' 

Mab-c Iiz'] (1^) 
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En Rb[{r 1 )/i 2 -/is'](r- 1 )/i 2 
F _ iT ^13^ (U) 

*46 - 22 , /i3 + J M, [X,^ 7jg/ _ 

The voltage drop from winding a through winding b: 
{Eiz - r En) = + (r - 1)2 i?,] 

+ (Rah + rRi) Xu' +yj^ {L^i - Mab.c - rLb 

-^^ab+rMbc) I^z' (19) 

Addms 1/2, „ (i. - L. + ^ ^ ^ 

combining and making use of the relation 

^ = 1/2 (L. + 2 M„, + L,) 

- [Ra + (r - 1)2 x:,] Xi2 + i w [L„ - 2 (r - 1 ilX„, 

+ (r - 1)2 X,6] Xi-2 + ( 5 ^,. -f r Rb) X13' 

- 0 r ~ ^ ■' ^ 1/2 

(?■ 1)-^“6 H-(r-1)2L6 ]/i 3 '-/«,i /2 (X,^ 

-2rJl/,,+r^L6)/i3' (20) 

= [i2<. + (r-l)2ig,]Xi3+yX<../i3 

+ (/2.6 + r Rz) X13' + y 1/2 (£, 

a,- •, , , ~ /is' ( 21 ) 

''™'’ 1™“ ™0“e » trough 

- - £..) -(«,. + B,) ^ _ 

+ - (r - 1) R,] X,, 

+ /l/2(X,3., + X„3-Xg/,2 (22) 

The regulation may be obtained from these voltatr. 
^SsE B ^ as from equations (11) and (12) 

s= 5 a~“£:“--^= 

(r E^z - Eu) = [R^ + (r~ ly- R,] j 
+- 1) iB6 J45'+ y 1/2 (X,, + Z3, 

TI,,^ , ~ /«' (23) 

fr bJ- B*') ™fpT .“S““”® * <■■ 

I ,^‘il ‘ • + ’■^ f"' +1 !<•' 

+ J- (r - 1) i?3 Xi, + j 1/2 (x„, + X3, 

X0 6 _c) Xj2 


(24) 
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Case C. In the same manner under this condition 
i drop from winding c through winding a b: 

(E 46 ~ ?n) = (Re + Rab) Z 45 + j Xab-a I is 
+ (JR. +r Rb) I is' + y 1/2 (Za, .. + Z,’ 

- X.b) w (25) 

1 the drop from winding c through winding b: 

- r En) = (R. + + y Z;,, 1^^' 

^ (R. + rRb) I is + y 1/2 (Z.,+ Z,e 

— Xab) lib (26) 

Eteferring back to Fig. 5, assume a short circuit 
:urs on winding a. Let Rb' + j Z/ and R.' + j X.' 
iresent the impedance of the lines and generators 
inected to windings b and c, respectively. In- 
ding these impedances in the voltage drops as given 
equations ( 10 ) and ( 11 ) we have: 

[Evz — Eu) = I (Fa -f -f Rs') -f- y (Zaj 
+ Xb')] Izi + [R. + 1/2 j (Za6 -I- Xaa 

- Xbc) ]Ibb (27) 

Ela — Ebe) = [ (Fa -t- Fa -I- Fa') + j (Xo 

+- X/) ] Ibb + [F„ + l/2y (Za, -h Z„a ■ 

- ^6c) ] /34 (28) 

; Zi = F„ -1- 1/2 y (Xab + Xac — Xbc) (29) 
X = F„ -h Rb' + y Z', + i/2y (Z.a + x.b ' 

- Xac) ( 30 ) 

2:, = Fa + Fa' + y Za' -f 1/2 j (X.. Z^a 

- Xab) ( 31 ) 


z7z:Tz7z;+'z, Zs 


Ibb = 


Z, Z. + ^3 
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fho most satisfactoiy method of calculating’ short- 
circuit currents in a complicated network is by the 
use of a calculating board, t. e., by setting up a network 
of resistances whose values are proportional to the 
impedances of the various parts of the system, im- 
pre^ing a known voltage, and measuring the currents 
which flow in the various branches of the network 
From these measurements the magnitudes of the actual 



Fia. 7-GK..PHICAL ..OF in 

Three-Winding Teanspoemeb 

^^^I'^'^lated. It is interesting 
to note from equations ( 27 ) and (28) how a three^ 

ting bi^ 0^“ 

to Ltr?® bTCT‘ fi“P«ianooiocommon 

Z.- (J% 7 ). * ^ respectively Z„ z, 



X 

Accidental 

Ground 


^ Primary Secondary 

Spah-Sta?S^o'n 

^Lmtinq Oueeekt 
, GEoi'-“ 

rnenSr*”® “ «nry 
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neutral of the supply not grounded, the magnitude of 
the current which flows in case of an accidental ground 
on one of the lines is influenced very largely by the 
reactance between the main windings and the tertiary. 
In a transformer with a 1 to 1 turn ratio between all 
windings the current in the tertiary will always be 
one-third of the current flowing to ground on the 
secondary side because this is the only division of 
current which makes the ampere turns of primary 
and secondary equal in each phase. Refer to Pig. 8 
which shows quantitatively how the currents would 
divide under the conditions shown.^ The ampere 
turns of phase A on the grounded side are balanced 
by those in phase A on the primary side and by those 
in phase A C in the tertiary. The conditions which 
determine the division of current are that the current 
in each leg of the tertiary be the same since it flows 
in series through each of them, and that the sum of the 
currents in phases B and C on the primary side be equal 
to the current in phase A since the current is a single¬ 
phase current. The only way current can divide 
between phases B and C and fulfill these conditions 
is to divide equally. Since the currents in phases 
B and 0 of the grounded side carry no current, that 
which flows in the same phases of the primary side 
must be all balanced by the current in the same phase 
of the tertiary. 

The total magnitude of the ground current usually 
depends partly upon the impedance of the generators 
supplying the line to the unbalanced currents which 
flow through them under such conditions. For this 
reason it is difficult to calculate accurate y as these 
special impedance measurements are seldom at hand. 
It is quite evident however that with large capacity 
back of the transformer, the impedance of the genera¬ 
tor and supply lines is relatively small, and the magni¬ 
tude of the current which flows depends largely upon 
the impedance between various pairs of windings in 
the transformer, and may be closely approximated 

2. See Article in the Elec. Journal, Nov. 1919, Tertiary 
Winding in Transformers, Their Effect on Short-Circuit Cur¬ 
rents, by J. P. Peters. 
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by neglecting the generator and supply line impedance 
and assuming full voltage maintained. Under this 
assumption the currents flowing under various combina¬ 
tions of grounding will be as given in Table IV. 

In = normal current in winding at full load. 

= impedance voltage between primary and second¬ 
ary in per cent at full load. 

Z, = impedance voltage between primary or 
secondary and tertiary in per cent at a load in 
the tertiary corresponding to full load, depend¬ 
ing upon the winding under consideration. 

This means that in any of these connections the 
ground connection has more or less inductance in it. 
The amount of inductance can be minimized by keeping 


TABLE IV 


Connection of 
Transformer bank 


Side on 
which fault 
occurs 


Short-circuit <. 
Current 

Primary 

Secondary 

Supply 

r Ter¬ 
tiary 

In 

tertiary 

In main 
winding 

Star 

Grounded 

Star 

Grounded 

Grounded 

Secondary 

No 

0 

100 In 



Zo 

Star 

Grounded 

Star 

Groimded 

Isolated 

Primary 

Yes 

100 Xn 

lOO In 



Zt 

Zt 

Star 

Grounded 

Star 

Grounded 

Isolated 

Secondary 

Yes 

100 In 

300 In 





2Zo -f Zt 

2Zo -f Zt 

Star 

Star 

Grounded 

Grounded 

or 

Isolated 

Primary 

Yes 

0 

0 

Star 

Star 

Grounded 

Grounded 

or 

Secondary 

Yes 

lOO In 

300 In 



Isolated 



22o + 

2Z + Zt 


these same impedances to low values. This fact 
shows why it is necessary to supply a tertiary winding 
for a three-phase core-type transformer, if there is no 
tertiary. The ampere turns in the winding which 
is grounded are balanced by the ampere turns on the 
other two legs, and the leakage flux would be very great. 
This is equivalent to a tertiary with very high reactance 
and means that the ground current would be limited 
to a A^ery low value. However, it is limited by what 
IS equivalent to inserting a large inductance in the 
neutral connection. When a three-phase core-type 
transformer without a tertiary is under consideration 
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Z, becomes the impedance voltage between the winding 
on one leg and the windings on the other two con¬ 
nected in parallel in per cent at full load. 

For this reason all transformers for star-star con¬ 
nection should be equipped with tertiary windings 
and the impedance between main windings and tertiary 
should be kept fairly low to avoid the conditions which 
obtain when there is inductance in the neutral con¬ 
nection. When the tertiary is not designed to supply 
a load its capacity is determined by the heating con¬ 
ditions imposed by short circuits. For this reason the 
short-circuit conditions should be carefully investigated 
and full information furnished the designer. 
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THE ELECTRIC STRENGTH OF AIR UNDER 
CONTINUOUS POTENTIALS AND AS 
INFLUENCED BY TEMPERATURE 

BY J. B. WHITEHEAD and P. W. LEE 

of the Johns Hopkins University 


Abstract of Paper 

The paper describes a series of experiments on the 
influence of temperature on corona-forming con¬ 
tinuous potentials. The observations have been made 
on three sizes of wire of diameters 0.0251 cm., 0.0803 
cm., and 0.0933 cm., and in each case at several 
values of temperature within the range 5 deg. cent and 
70 deg. cent. At each temperature the pressure has 
been varied from a value in the neighborhood of that of 
the atmosphere downwards, reaching in Ime extreme 
eases the value 6.03 cm. of mercury. v\Lthiii the 
range of values reached, as indicated above, the general 
form of the law of corona, as developed experimentally 
by a number of other observers, is found to be ruliillea. 
There are separate families of curves for positive and 
negative potentials as obtained by varying the pressure 
for each constant value of temperature. 

The observations show that under constent con¬ 
ditions as to pressure and temperature a higher value 
of negative potential than positive potential is required 

to form corona. , . - t 4 . 

As plotted graphically, the results seem to indic^e 
that when larger wires are used corona appears at the 
same values of both positive and negative potential. 
The observations, however, ^ have not been exten^a 
sufficiently to show this identity of value, inis 
conclusion is at variance with the observations, or a 
number of other experimenters, in particular those oi 
W. S. Brown, who concludes that with larger values ot 
diameter of wire negative corona may appear at lower 
values than positive corona. ^ . 

The experiments substantiate the empmoal laws 
developed by Whitehead and Peek, although the con¬ 
stants of the equations involved are higher than any 
heretofore observed. There is some m^eations that 
at temperatures in*»the neighborhood of 
a departure from the empirical laws mentioned m y 
set in. 
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Introduction and Historical Setting 

T he law of corona formation on round wires 
in air has been devised empirically from the 
observations of a number of experimenters. 
It involves the electric intensity at the surface of the 
wire, the radius of the wire, and the relative density 
of the air. 

The empirical law has been investigated over quite 
wide ranges of values of radius of wire and air density 
as dependent on pressure. Comparatively few at¬ 
tempts have been made however to study the influence 
of temperature on corona formation. This paper 
describes a series of experiments in which corona 
voltages have been measured at several temperatures 
within the range of 5 deg. cent, to 70 deg. cent., the 
pressure being varied in each case from that of atmos¬ 
phere downward, in the extreme cases to 6.03 cm. 
of mercury. 

Continuous potential has been used throughout 
the work, yarious investigators have shown that 
with alternating corona voltages the maximum values 
of the wave are very closely, if not identically, the 
same as the continuous voltage values. 

The law of corona had its origin in the laws govern¬ 
ing the sparking between plates. Townsend^ upon 
the experiments formed by J. B. Bailie', first stated 
the relation for the sparking voltage in air as eiven 
by the formula 

y = 39 P S + 1700 (1) 

Where V = voltage between two parallel plates, 

P = pressure of the gas, 

S = the distance between the plates. 

This formula by dividing through by P P gave use 
to the relation 


E 

P 



( 2 ) 


Since the electric intensity between the plates is uni. 
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form and therefore 



The relation con¬ 


centrated the attention upon the electric intensity 
and not upon the total voltage. Townsend in his 
development of secondary ionization first showed 
that in a corona tube the distance S in the above 
formula is that of the path which an ion traverses in 
the greatest field and therefore is next to the wire. 
Under this consideration the above formula for the 
corona tube is, 


K 

p 


= A -|- 


T w 


1 

VP 


(3) 


Where A and B are constants of the phenomena and 
is the radius of the wire. This equation giving 
the law of corona formation was first developed ex¬ 
perimentally by Whitehead, Peek and others, and 
Townsend has shown that it may be derived from his 
experiments on gaseous ionization at low pressures 
and- that it is in accord with the theory of ionization 
by collision. 

Whitehead® first determined these constants in a 
corona tube for air under normal conditions. Peek" 
later showed that the density or the pressure and the 
temperature together affected the formation of co¬ 
rona and established the density factor 5. 


3.92 P 
T 


(4) 


where P = pressure of the gas in centimeters of mercury, 
T = absolute temperature in degrees centigrade. 
The corona formula then reduced to the form 


P 

5 


= A + 


_P_ 

V5 fy, 


(5) 


which it has at present. 

Whitehead® and Peek" carefully investigated the 
values of A and B with alternating potential by 
changing 5, ?■«, humidity of the air and the material 
of the wire. Later Whitehead and Brown® also de¬ 
termined the constants A and B with continuous po- 
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tentials by changing the diameter of the wire. Par- 
well®, Watson^ and Schaffers® also worked with direct 
potentials upon corona. Their method of detecting 
corona was mostly visual and with the methods and 
material available at that time they secured quali¬ 
tative results which later experiments under more 
favorable conditions to a larger degree confirmed. 




_0.01 mf.~ T~ 

I Condenser s (- _ 


Thermo Couple.! 


Circulating Pomp 



Circulating r 
sIS Water Temp. ■ 
Control Relaysi 


Wheatstone Bridge For 
Measuring Temperature 

Fig. 1—Connection of High-Potential Voltage to Corona 
Tube and Auxiliary Apparatus 

It remained for Whitehead and Pullen® to develop a 

tube which gave more sensitive indications of corona 

This expeimental investigation aims to continue 

wurk of Whitehead and Brown® with continuous 

potentials. The immediate purpose was to inveS 

^ positively and nega- 

Ind temperatures 

and vanable pressures at each temperature. 

Desceiption of Apparatus 
The source of high continuous potential in these 
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tests was secured from a “kenotron”* or rectify¬ 
ing vacuum tube, in connection with a high voltage 
transformer and condensers. Pig. 1 indicates the 
manner in which they were connected and how they 
were controlled. 

^ The alternator was a two-armature generator de¬ 
signed to operate at either 600 cycles or at 3000 cycles 
and was directly connected to a three-h. p., 220-volt 
continuous-current shunt motor. The motor power, 
as well as the field excitation were secured &om a 
450-ampere-hour, 110-220-volt storage battery to 
insure steadiness of alternating potential. 

The voltage to the transformer was controlled by 
a variable iron reactance. This reactance consisted 
of two coils mounted upon the legs of a core t 3 T 3 e 
transformer in which the core could be adjusted. 
The adjustment was accomplished by a screw having 
a pitch of twenty threads to the inch, and in this way 
the reluctance of the magnetic circuit was changed; 
and this in turn changed the ratio of voltage upon 
the transformer and the reactance coil. The gener¬ 
ator voltage remained constant. In this way the 
high potential voltage could be raised in a continu¬ 
ous manner with an exceptional degree of adjustment. 

In the high-tension circuit of the transformer a 
kenotron was connected in series with a battery of 
condensers, of which each unit had a capacity of 
0.01 microfarad. The kenotron was designed for 
40,000 volts and 1/10 ampere. In this experiment 
the voltage was limited by the condensers to 20,000 
volts. The current taken by the exciting coil of the 
kenotron was six amperes for 100 per cent electronic 
emission. The resistance of the heating filament, 
a ten-mil tungsten wire was one ohm. The construc¬ 
tion and theory of the kenotron are now quite well 
understood and thoroughly described by Dushman^. 
A small storage battery of six cells in series with a 
small carbon compression rheostat was sufficient to 
properly excite and regulate the filament current. 
The kenotron together with its exciting apparatus 

*Name given by General Electric Company to a rectifying 
Fleming valve. 
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was carefully insulated from the ground by wooden 
insulators and logical grouping. 

The condensers were of the oil-insulated high-po¬ 
tential t 3 rpe and were grouped into two batteries, 
one of six units, the other of four units each. The 
combined capacity of the first condenser battery was 
0.015 microfarad and the combined capacity of the 
second condenser battery was 0.01 microfarad. The 
needle gap of each condenser was adjusted to 10,000 
volts, thereby making the voltage across two condensers 
20,000 volts. Between these two batteries was con¬ 
nected an inductance of 0.027 henry. According to 
Hull* the voltage fluctuation would be. 


V = 


Siir / 1 

L10* \ L10* 


) 


( 6 ) 


= 4.62 X i X 10 **’ volts 
where C = total capacity in farads, 

w = 2 T f = 2'7rX 600 angular velocity in 
radians per sec. 

L = coefficient of self-induction in henrys be¬ 
tween condenser batteries, 

1 = current taken from the second condenser 
battery. 

The current i which was used in the voltage measur¬ 
ing circuit never exceeded 0.01 ampere. From the 
above formula it is seen that the correction factor 
is negligible. That this coincided with experimental 
observations was tested by Brown*. 

The voltage was measured with a precision Weston 
voltmeter in series with a resistance of 1,428,000 ohms 
of manganin wire and of 1,343,000 ohms of lavite 
resistances. About 50 watts was the maximum rate 
of energy dissipation in the form of heat in this cir¬ 
cuit. The quadrant electrometer connected as shown 
was not used for detecting corona voltage, but for 
other pu^oses to be described later. The resistance 
in this circuit did not change within the range of 
1 per cent in this experiment as tested by a Wheat¬ 
stone bridge upon the summation of the individual 
units composing this resistance. (See Fig. 2.) 
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The corona tube as constructed for this experiment 
was similar to the one constructed before by White- 
head® and Pullen®. The main chamber was con¬ 
structed from a piece of 6-in. steel piping 19 in. long. 
This pipe was carefully bored out in a ^lathe so as to re- 



Fig. 2 


ceivethe concentric cylinder supports and perforated co¬ 
rona cylinder. (See Pig. 3.) Around the inner 4-in. 
brass cylinder was another metal cylinder carefully 
insulated from it. This insulated cylinder received 



Fig. 3—Diagram Showing CoNSTR-gcTioN and Dimensions 
OP Tube 


a small fraction of the corona cinrent and, in con¬ 
junction with a galvanometer, served to indicate the 
presence of corona. (See Fig. 1.) The tube was 
closed at each end by a fiber head which also supported 
the central wire. Glass, one inch thick, was first 
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tried for this purpose, but it was found that it was 
unable to withstand the stress due to internal pressure. 
The fiber used for this purpose was thoroughly boiled 
in paraffin to expel all moisture. Glass windows 
were inserted into this fiber to observe the condition 
of the wire at all times. Around the outside of this 
cylinder were wrapped coils of copper tubing to 
serve as heating or cooling coils to 'the apparatus. 
These coils of copper tube were further insulated as 
to heat on the outside by an asbestos heat insulating 
compound. Directly above and below the inside 
brass cylinder, but out of the electric field, were placed 
two copper wire coils each having a resistance of two 
ohms. These two coils were connected in series 
and served as a resistance thermometer. A thermo¬ 
couple .was also placed in the tube well away from 
the iron walls, to measure the temperature of the 
gas. The thermocouple was made with a very small 
heat capacity so as to quickly acquire the surround¬ 
ing ternperature, and thereby give an indication of 
any quick change of temperature of the gas inside 
of the tube. All of the joints were carefully packed 
with string first immersed in a packing compound. 
Insulated terminals were taken from the tube by the 
aid of spark plugs. The pipe joints were all well 
coated with litharge before finally adjusting them. 
All of the cylinders were machined to align centrally 
and_ the adjustment was within one-hundredth of 
an inch. Upon the outside of the tube was placed 
a spring, as shown in Fig. 4, which served to keep 
the wire taut with changes of length of tube arising 
from the unequal expansion to the tube and its wire. 

^ The temperature of the circulating water used 
in maintaining the temperature of the tube was con¬ 
trolled by a special thermostatic regulator. This 
regulator consisted of a glass tube of 3/16-in. bore, 
sealed at one end, filled with mercury and toluol, 
as indicated. Since the coefficient of volumetric 
temperature expansion of mercury is too small for 
sensitive regulation, toluol was also placed in this tube, 
as shown in the diagram of connections. The mer¬ 
cury acted as a seal for the very volatile toloul and 
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at the same time served as a conductor in all the con¬ 
trol circuits. The circulating water was heated with 
an immersion iron wire rheostat and was capable of 
carrying, when submerged, fifty amperes. This cur¬ 
rent was automatically interrupted by a remotely 
controlled switch, when the water had risen to its 
predetermined temperature. The control circuit of 
this switch was operated through a telegraph relay 
since it was necessary to interrupt this control circuit 
at a difference of potential of 110 volts d-c. A six- 



volt storage battery was used to excite this relay 
connected in series with a resistance. When the mer¬ 
cury in the tube had risen sufficiently high it short- 
circuited the battery connection to the relay and 
thereby opened the remotely controlled switch. As 
soon as the temperature receded this short circuit 
was removed and allowed the heating current to 
reestablish itself. The final temperature of the cir- 
lating water was adjusted by means of a 'regulating 
screw. The height of this regulating screw determined 
the amount of expansion which the mercury and 
toluol could have before actuating the control circuits. 

This constant temperature water was circulated by 
a positive rotary pump through the heating coils 
of the tube. By this method the corona tube reached 
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a final steady temperature after one and one-half 
hours. The difference in temperature of the circu¬ 
lating water and of the gas in the tube was three 
degrees when operating in a steady state. Tempera 
tures lower than room temperatures were secured by 
using cracked ice in the circulating water supply tank. 
The temperature of the circulating water in this case 
was that of melting ice, which was sufficiently constant 
for the experiment. In a like manner the temperature 
of one thermal junction was kept constant; only 



here a Dewar flask or thermos bottle was used to keep 
the ice from melting too rapidly. 

The vacuum pump used to exhaust the corona 
tube was a small “Gyrek” model belted to a motor, 
■(bee Fig. 4.) The pressure was measured directly 
with a mercury manometer. Needle valves were 
used in all of the pressure control tubes to assure 
positive closing of the air connections. 

From Fig. 5 it is seen that with the arrangement 
employed here it was possible to use but one lamp 
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for illuminating the galvanometer mirrors, and also 
one scale sufficed to measure their deflection. The 
scale in this case was constructed from a ten-foot 
California redwood board bent into the arc of a circle 
of ten feet radius and mounted ten feet from the 
temperature measuring galvanometer.. For indica¬ 
ting the presence of corona a D’Arsonval galvanometer 
slightly underdamped was used. This galvanometer 
ordinarily had a sensitivity of 83 megohms but with 
the above scale arrangement it was increased to 250 
megohms. 

It was found expedient, because of the large amount 
of apparatus used for operating this experiment, 
to separate the high-potential apparatus from the 
remainder by a platform. The platform was con¬ 
structed above the corona tube, as is shown in Fig. 5. 
In this way it was possible to do all of the manipu¬ 
lating with dispatch and without any danger of com¬ 
ing into contact with high-potential circuits. 

Preliminary Experiments 

The method of securing high-potential direct- 
current voltage was substantially the same as that 
used by Brown’. However, it was found more con¬ 
venient to control the alternating-current potential 
across the transformer with a reactance than with 
the field circuit of the alternator. 

The voltmeter used in these tests was a precision 
Weston model No. 1064. It was, however, checked 
with a Weston standard cell and a Leeds and North- 
rap potentiometer through its entire range and was 
found accurate within the limits of observation. 

The resistances of the voltage measuring circuit 
were measured with a Leeds and Northrop precision 
bridge and checked from time to time. 

The thermocouple was made from a junction of 
“Advance” and copper wire and was calibrated with 
a standard mercury thermometer in a bath of water 
well agitated and slowly cooling. With the aid of 
a resistance in the copper portion of this circuit it 
was possible to adjust the deflection to an exact mul¬ 
tiple of the temperature unit. One degree centigrade 
corresponded to a deflection of two divisions upon 
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the scale. The resistance of the galvanometer was 

resistance in the circuit was 
1161 ohms, thereby making a total of 1271 ohms in 
this circuit. 

This thermocouple was then used to calibrate the 
resistance thermometer in the corona tube. Accord¬ 
ing to Dellinger,^ this resistance should have a linear 
variation of temperature within the range of tempera- 
ture from 0 deg. cent, to 70 deg. cent. Its calibra¬ 
tion will therefore check the accuracy of both the 
variation of mercury thermometer and of uniformity of 
temperature distnbution in the tube. The tempera- 
tme resistance curve upon this basis proved to be a 
s raight line and hence the errors were below that of 



. 42 44 46 48 50 

OHMS RESISTANCE 

Fig. 6—Calibration Resistance Thermometer With 

Thermocouple 

observation. (See Fig. 6.) The calibrating was done 
by first bringing the tube to a high steady tempera¬ 
ture and then allowing it to cool slowly. It required 
SIX hours to secure this calibration curve. 

The question of insulation was a more difficult 
one. It was found that the metal electrode cylinder 
around the perforated brass cylinder had a resistance 
to ^ound of 20 megohms through the hard rubber 
insulation. This was changed by replacing the in¬ 
sulators with new hard rubber. 

Since the foundation of generating high direct 
potential by this method presupposes almost perfect 
msulation, it was necessary to check all of the leaks 
to ground in the generating system This was done 
by charging the high-potential side of the system to 
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a difference of potential of forty volts to ground and 
observing the decrease of potential upon the quad¬ 
rant electrometer. The relations which exist by mea¬ 
suring the resistance by the loss of charge method are: 

V = ( 7 ) 

where V = 34.7 potential at time t = 10 seconds. 

Vo = 39 initial potential, 

C = 0.025 capacity in farads, 

R = the resistance to ground. 

This resistance from the observations as shown 
by the test was 38 X 10^ ohms. It is safe to conclude 
that even under the highest voltages the leakage 



TIME (SECONDS) 

Fi<5. 7—Insulation Test With Quadrant Electrometer 

current did not modify the potential within limits 
of observation. (See formula 6). Fig. 7 shows the 
insluation test with the quadrant electrometer. 

Final Observations 

The three wires chosen for this experiment had 
diameters 0.0521 cm., 0.0813 cm., and 0.0993 cm., 
respectively; the first two were german silver and 
the latter was steel. Each was carefully polished 
with crocus cloth and chamois skin before being placed 
in the tube. The wire was carefully placed in the 
tube and the tension applied for maintaining it straight. 
The diameter was measured before and after the test. 
The tube was now exhausted to 10 cm. of mercury 
absolute pressure and voltage was applied to the 
wire. If the corona which appeared around the wire 
was evenly distributed and gave no indications of 
beads, the wire was ready for observations. It was 
found advisable to begin at low pressures and gradually 
increase the pressure by letting air leak in through 
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a needle valve. At low pressures the corona current 
from the insulated cylinder to the brass tube was very 
high as compared with the values at higher pressures. 

The^ voltage which gave the first indication of a 
deflection in the corona indicating circuit was taken 
as^ the corona-forming voltage. The magnitude of 
this deflection, according to Whitehead and Pullen,* de¬ 
pended upon the number of ions per second which 
passed through the holes of the perforated brass 
cylinder a,nd gave up their charge to the insulated 
metal cylinder surrounding the brass one. It was 
expected and verified experimentally that the current 
in this indicating circuit was present only if the poten¬ 
tial gradient was continued in the same direction as 
the gradient existing between the inside charged wire 
and the brass cylinder. A 110-volt storage battery 
was used to supply this potential gradient, as shown 
in the diagram of connections. In this battery 
circuit was connected a D’Arsonval galvanometer of 
283-megohm sensitivity to indicate this portion of the 
corona current. 

The^ polarity of the potential circuit was reversed by 
reversing the kenotron and the observations were 
repeated with reversed polarity. When this was 
done the polarity of the insulated metal cylinder was 
also reversed. 

Each corona indication was repeated three times 
before a final reading was taken. The pressure, 
corona voltage, and temperature were observed simul¬ 
taneously. Curves of voltage and pressure were 
plotted as the experiment progressed to check any 
false observation and to insure continuity. The 
temperature was then changed to another value and 
the observations repeated. All of the temperature 
and pressure observations were again repeated for 
the other wires. No difficulties were encountered 
with the wire charged positively; however, with the 
wire charged negatively care was necessary to register 
the voltage at the beginning of the corona cycle. The 
general form of the positive and negative corona 
indicating circuits are shown in Fig. 8. 

The difference between these two characteristics 
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was observed by Whitehead’ and are under further 
investigation. 


Results of Observations 
For the analysis' of the results of these experiments 
it was assumed that the electric intensity at the surface 
of a wire is given by the following relation: 


E = 


V 


r„ log. 


A 


( 8 ) 


where V = the potential difference between the 
wire and the tube, 

= radius of wire in centimeters, 



I>„ = diameter of the wire, 

Di = diameter of the tube. 

The value for these constants for all of the wires 
used is given in Table I. 

TABLE I 

WIRE DATA AND CORONA TUBE CONSTANTS 

Diameter of Tube 3.76 in. inside measurement. 

" Wire No. 1 =0.0205 in. =0.0621 cm. 

" " " No. 2 =0.0320 in. =0.0813 cm. 

" « " No. 3 =0.0391 in. =0.0993 cm. 

Kadius “ “ No. 1 =0.01025 in. =0.02605 cm. 

« " « No. 2 =0.01600 in. =0.04065 cm. 

" « " No. 3 =0.01965 in. =0.04966 cm. 

Log” cylinder ^ wire Log, = Log 183 = 3.2095 numeric 

dia. wire 0.0205 

No. 2 « Logn-^ = Log 1172 = 4.7638 " 

0.0320 

No. 3 " Logn = Log 96 « 4.6643 “ 

0.0391 
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(Radius of wire) Log n-~ No. 1 wire = 5.2095 X 0.02605 == 0 .1358 ojoci - 

= 4.7638 X 0.04065 = 0.1936 OJPCfc. 
= 4,5643 X 0.04965 = 0.2260 CJPCI.- 


Log 

D,„ 


No. 2 
No. 3 


Dc 

Logn“7r" 


No. 1 wire = —i_ 7,375 i/cm. 


0.1358 


No. 2 


0.1936 


= 5.170 1/cm. 


"" 7 rL ~ =’4.430 1/cm 
_ . , 0.2260 
K^tance of voltmeter No. -Weston =441 4 ohms 
No. scale divisions for 3 volts = iso nmaeiit 


3 


3-volt 

0.00004536 ampoxrCNiiF* 


Amperes per unit scale division = _r:_ x 

■o -x 150 

Resistance of voltage circuit 2,779,000 ohms 
Volts per unit scale division = 2.779,000 X 6.00004536 = 126 volts 

Def. 


E 


rtp Log, 


Dc 


^ Electri c Intensity 
“unit Deflection ^ 


- No. 1 ^e = 126 X 7.375 = 926 volts/cm. /uml* 
deflection. 

= No. 2^e « 126 X 5.170 =: 651 volts/cm./unlt;. 
deflection. 

= No. 3 = 126 X 4.43 = 558 volts/cm./unlto 

deflection. 


in accordance 

with the relation (9), the work of all other investi- 

relation is correct, and 
it is ™ accord 

with the theory of ionization by collision 


E = A8 + B\/ -4- 


-T- (») 

where E = electric intensity, 

A = a constant of the phenomena, 

B = another constant of the phenomena, 

S = density factor = ^ ^ ^ 

P = the absolute pressure in cm of 
mercury, 

T = the absolute temperature in deg 
cent. 
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Expanding in the above formula 

J -JMP 

^ 3.92AP , „ V T 

E= - —+B - 

Divide both sides of the equation by P 


f-™ 

1 

If-f is plotted as ordinate and ' ^-p- S’S abscissa, 

then for a given absolute temperature T, the resultant 
curve, if A and B are constant, should be a straight 
line. 

\/lJ3 

The slope of this line is B - ^ . 


The intercept is — A . 

Also, if the formula is rewritten in the form 

P = A5+pV~ (12) 

where r = radius of the wire 
B' = 

V2 

Then 

E ==A+B'. -L=- /JOS 

VSr 

With this last formula it is possible to reduce all 

tenperature, 

Accor<hngly, the various quantities have been 
computed and are given in Tables II, m and IV 
ach table gives the electric intensity for corona at 
tte electric intensity diyidej byT« 
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electric intensity divided by the density 


E . 1 

factor —^ , the density factor 6 and — - - = — , where 

® V 5 

r„ is the radius of wire in cm. 

Curves showing the relation of applied voltage and 
pressure were drawn for the positively and negatively 
charged wire, as shown in Figs. 9, 10, and 11. For 
the same pressure and temperature positive corona 
appeared at a lower voltage than the negative corona. 
Although the difference in temperature between two 
adjoining curves was only twenty degrees, less than 
10 per cent upon the absolute scale, at no time is there 
doubt about the points of observation. 



Pig. 9 


E 1 

Curves showing the relation of -p- and 

are straight lines within errors of observation. (See 
Figs. 12, 13, and 14.) The positive and negative 
corona curves for each wire have a characteristic 
family. The positive curves show the smallest di- 
' vergence for the same change in temperature. In the 
tabulated results the values of A and B are stated for 
each wire at every constant temperature observation 
for a variation of pressure from 10 centimeters to 
70 centimeters of mercury. It is seen that B is 
always greater for negative corona. 

The curves shown in Figs. 12, 13, and 14 were 
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Fig. 13 —(Same as Fig. 12, Except Diameter of Wire = 
0.0813 CM.) 
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It should also be noticed that at the highest tempera¬ 
ture of 69 deg. cent., especially with the smaller 
diameter wire, a break in the continuity of the corona 
curve occurs. (See Fig. 14.) 

The observations leading to these apparent depart¬ 
ures from the fundamental law of formula (13) were 
repeated several times, and in each case yielded the 
results indicated. There is no obvious explanation 
why these breaks should appear in one set of cuiwes 
and not in others in their neighborhood. Investiga¬ 
tion of this interesting question is being continued. 


Discussion 

The fact that positive corona starts at a lower 
value is in accord with the investigations of Farwell, 
Schaffers, Watson and Brown. It is in accord mth 
the general theory of Townsend that negative ions 
are the active agents in the starting of corona. If the 
wire is positively charged they will move into an ever 
increasing field from a large region and hence will 
multiply more rapidly than if the reverse were true. 
According to Brown and Schaffers this principle fails 
when the value becomes less than a definite value. 
The results of this investigation indicate that the 
positive corona is always lower than the negative 
corona. Brown mentions great difficulty in securing 
definite negative corona readings. 
in this investigation and discovered earlier by White- 
head® that negative corona occurs very abruptly from 
what seems a kind of supersaturated condition. It 
the negative corona is once formed the potential may 
be decreased below this corona-forming 'ralue with 
the corona phenomenon still persisting. The exact 
cycle of this phenomenon is at present under furt er 

^^K^Siiteresting to compare the value of the electric 
intLity as observed by Brown’s relation upon the 
0 Sin. wire. Brown states his positive corona 

formula 

£) = 33 .7 5 4- 11.5 \/ -|- kilovolts per cm. 
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Upon substituting the above value for d and using a 
density factor of unity 

E = 70.15 kilovolts per cm. 

If Farwell’s relations are used 

^ = 35 5 + 11.4\/-~ 

E = 71.15 kilovolts per cm. 

The results of this investigation give 

£- = 39.8 5 + 10.36 
= 72.6 kilovolts per cm. 

At pressures lower than atmosphere, both Brown’s 
and Farwell’s results indicate higher corona voltages 
than those found in these experiments. It should 
be stated that this is the only observation in which 
the field of these experiments touches that of Brown 
and Farwell. 

Conclusions 

1. The critical corona-forming electric intensities 
of these wires, ranging in size from 0.0521 to 0.0993 cm., 
at several constant temperatures in the range 5 deg. 
to 70 deg. cent, and at various pressures for each 
teniperature have been investigated under continuous 
positive and negative potentials. 

2. The critical surface intensity at which corona 
started upon the above wires can be summarized in 
the relation 

E = 39.8 5 + 10.36 ^ for + corona 

E = AO.sS' +11.96 \/ for — corona. 

3. The constant A in the positive and negative 
corona relation is the same. 

4. Within the range of this experiment negative 
corona, under the same conditions of pressure and 
temperature, always occurs at a higher value. 

5. The curves of positive and negative corona each 
form a separate family of curves when observed at 
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the same temperature with variable pressure upon the 
same wire. 

6. The observations give accordant results with 
Farwell and Brown when used under pressure and 
temperature conditions of observation at which their 
data were taken. 

7. The results pf the investigation are in accord with 
Townsend’s theory of secondary ionization. 
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Discussion on “Long Distance Transmission op 
Electric Energy” (Imlay), “Voltage and 
Power Factor .Control of 66,000-Volt Trans¬ 
mission Lines Connecting Two Generating 
Stations” (Bailey), “Voltage Regulation and 
Insulation for Large Power, Long Distance 
Transmission Systems” (Baum), “Some Trans¬ 
mission Line Tests,” (Lewis), “Notes on the 
Operation of Large Interconnected Sy'stems” 
(Elden), “Modern Production op Sus¬ 
pension Insulators” (Fritz and Gilchrbst), 
“Voltage and Current Harmonics Caused by 
Corona” (Peek), “A Solution of the Porce¬ 
lain Insulator Problem” (Creighton and 
Hunt), .“Transformers for Interconnecting 
High-Voltage Systems or for Feeding Syn¬ 
chronous Condensers prom a Tertiary Wind¬ 
ing” (Peters and Skinner) and “Electric 
Strength of Air Under Continuous Poten¬ 
tials AND AS Influenced by Temperatures” 
(Whitehead and Lee), Salt Lake City, Utah, 
June 22-23,1921. 

W. I. Slichter: Mr. Baum pointed out the different 
reasons for the variation of the line voltage, the prin¬ 
cipal one being the line capacity, and he suggested 
methods for taking care of this variation by pla cing 
variable reactance in the form of a synchronous motor 
in shunt to the line. This leads to the thought that 
as our country develops and our transmission systems 
develop we will have a distribution system rather than a 
transmission system. There will be transmission for 
say 50 miles, then a step-down substation with trans¬ 
formers and a synchronous motor, then another 50 
miles with another substation. Thus as business 
develops the line will be naturally subdivided and loaded 
with variable reactance which will take care of voltage 
variation. That is, it will be another case of propor¬ 
tioning the inductive and capacity reactances properly, 
as is now done in telephone lines. 

The idea of proportioning inductance and capacity 
m a long line was patented a great many years ago, 
for this idea we presented the Edison Medal to Dr. 
Pupin last February. The patent has now expired 
and IS at the service of all. 

Livingston P. Ferris; Mr. Lewis and Mr. Peek 
in his paper give us some very interesting data on a 
relatively new phenomenon in power transmission, that 
IS, the production of harmonics by the cyclic variation ' 
of at least one of what we have hitherto been accus¬ 
tomed to assume as line constants. 
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A study of Mr. Lewis’ data seems to show that they 
are sufficient to draw the conclusion that the trans¬ 
formers were not the source of the relatively large 
third harmonic neutral currents which were observed, 
that is, we may discard the transformer hypothesis 
even without the support afforded for the corona hy¬ 
pothesis by Mr. Peek’s laboratory experiments. 

The first evidence of this we may obtain by com¬ 
parison of Tests 23 and 43 with Test 21. Referring 
to Mgure 10 of Mr. Lewis’ paper which illustrates the 
different test conditions, you will see that for Tests 
23 and 43 the line was supplied from Junction with 
no transformers at the other end. In Test 21, there 
were transformers at the other end of the line. Grand 
Rapids, with their neutral grounded and the delta 
open. Now if the third harmonic arises in the trans¬ 
formers, we should expect the change from con¬ 
dition 23 to condition 21 to affect very materially 
the neutral current observed at the supply end of the 
line, Junction, but Mr. Lewis’ data show there is very 
little difference between the two conditions. No 
reading is given of the neutral current at Grand Rapids 
for Test 21. It would be interesting to have this. 

Now as further evidence that the transformers are 
not here responsible for the third harmonic, I have 
had some theoretical estimates made of the neutral 
current to be expected from the transfomers for test, 
conditions 23 and 43 and find that the calculat^ 
neutral current due to the transformers is a very sii^l 
fraction, less than 5 per cent, of that 
pointing to some cause other than the transformere. 
This estimate is based on the assunption that the open- 
circuit third harmonic voltage per transformer acte in a 
series circuit through the leakage impedance of the trans¬ 
former and the impedance to ground of one hne wi . 
The third harmonic voltage was estimated from the 

test exciting current and transformer impedance data 

Sven & Mr. Lewis, and an assumed representatave 
S tom (See Apiiindix to detoW g 

ment that the estimate is very rough is not liKeiy to 
account for the large difference jSa ice 

obsorvGd valuGs so it forces us t 

outside the transformers. rtAmna and the fact 

thS ttfnlSf ?=TowedTiw tacr^ 

above the corona volt^e, is 

plans'ti Sri* with the Une admittance to ground. 
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From Figure 11 we obtain a neutral current of 19 
amperes for 200 kv. at Junction with no transformers 
at Grand Rapids. The voltage of the fictitious gener¬ 
ator, which would also be the neutral voltage if the 
neutral were isolated, may be calculated from the 
current of 19 amperes and the line and transformer 
impedances. It comes out about 11,000 volts. Using 
this and the proper line and transformer impedances, 
we may compute the neutral currents for the condi- 


JUNCTION 


Large 


gio xjili gc ^ 

compared-^ 
gwith 2500‘" ^ 




8.7Amps, 


25+J125 

—''TfOW''—' 


■J 2500 


, 90 ^^ 

>11,000 Volts 


1(7,5 Amps. OBS)^ 15.8 Amps. 


GRAND 

RAPIDS 


7.1 Amps. 




Fig. 1 


tion of both neutrals grounded. Test 20. The circuit 
is as in Fig. 1, showing one wire only of the three: 

The calculated currents recorded in the figure have 
been multiplied by three to give the corresponding 
neutral currents. Comparison of these and observed 
neutral currents. Test 20, Table 15, Fig. 12 of paper, 
shows very good agreement. 

Mr. Lewis in presenting his paper mentioned that 
Figs. 21 and 22 were not entirely consistent and that 
Fig. 22 could not be satisfactorily explained. Now on 
the theory that the neutral current is due to a cyclic 
variation of the admittance of the line to ground and 


JUNCTION 26+jm 


V=Vlppr. 



GRAND 
26+J126 RAPIDS 
—GJilDT'--3 ^ 




Fig. 2 

representing this effect by a generator in series with 
the shunt admittance, we have a circuit like Fig. 2, show¬ 
ing one phase only for Test 44. Under the conditions 
of Test 44, the neutral voltage observed at Junction is 
seen to be practically the voltage drop of the Grand 
Rapids neutral current through that transformer impe¬ 
dance and half of the line series impedance. The 
125,000-volt connection was used at Grand Rapids for 
this test, giving an impedance of 30 + j 700, one-half 
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line series impedance = 25 + i 125, sum = 55 + i 825. 
Using this impedance and the values of observed neutral 
voltages at Junction, the neutral currents at Grand 
Rapids have been calculated and are shown below: 


Grand Rapids 


n. v. KV. 


Volts Neutral 

Calculated | 

Test Neutral 

to ground 

Neutral Current | 

Current 

900 

3.28 i 

3.25 

1800 

6.6 1 

6.0 

2475 

9.0 

1 8.0 

3000 

10.9 

1 9.6 

3425 

12.5 

j 10.75 

3750 

13.7 

1 11.5 

1 4030 

14.7 

1 12.0 


Very good agreement is to be noted between cal¬ 
culated and test neutral currents justifying the hy¬ 
pothesis that the line is the source of the h^mmncs 
Now I believe that Mr. Lewis Table 26 Fig. 
show a comparison between measured and calcuiat^ 
neutral currents based on ^e assumption that the 
neutral voltage at Junction is the drop of the neutra 
current at Grand Rapids through the impedance of 
the line to ground, taken as its lump capacitance. 
This further assumes that the triple harmqmc neutral 
pnrrPTit is due to the transformers at Grand Kapias 
rather than the line and that the tyjP.l® 
ages in the Junction bank^e negligib rp-Lr„ latter 
with those in the Grand Rapids bank This Mter 

Srme?s"ra’ 

SSral”curr^STer?no^^^^^ S'X" Slrfci 

The capacitance should be ^hre^ ^p. 

much of the mcreasea ^ Lewis states 

counted for by the h^mom<^ wgcb ^J^g^ent 

are in the voltage. The %oretic^ butTholld bend 
r>nrve should not be a straight line out suuu 


1242 


ELECTRIC STRENGTH OF AIR [June 23 


This would also hold true if the transformers were the 
source of the triple harmonics. Second, in reference 
to the comparison of neutral currents at one end of the 
line (a) with the distant end open or neutral non- 
grounded, and (b) with the distant end neutral 
grounded but secondary delta open. It has already 
been pointed out that the neutral currents would 
differ materially if transformers were the important 
source of triple harmonics. Of course, the opening 
of the secondary delta in the one case (Test 21) is the 
equivalent, so far as triple harmonics are concerned, of 
having that bank of transformers connected star-star 
with the neutral grounded on the high-tension side and 
isolated on the low-tension side. 

In this connection it is interesting to contrast the 
effects of isolating the neutral on the triple harmonics 
due to transformers and corona. So far as trans¬ 
formers are concerned, isolating the neutral of a three- 
phase bank practically eliminates that bank as a 
source of triple harmonic residual current or voltage. 
The neutral of the bank, however, pulsates at triple 
harnionic voltage with reference to the ground, while 
the line is practically at ground potential so far as the 
triple harmonics are concerned. Now in the case of 
corona, as the source of the triple harmonics is in the 
line itself, isolating the neutrals of all connected trans¬ 
former banks while interrupting the residual current 
(assuming such banks at the line terminals) will not 
eliminate the triple harmonic residual voltage, and the 
line as well as the transformer neutrals will pulsate 
at a triple harmonic voltage with reference to the 
ground, this voltage being somewhat greater for the 
line, with the neutrals isolated than when grounded 
due to the elimination of the impedance drop of the 
residual current. If we should have a case where both 
the transformers and the line, due to corona, contri¬ 
bute harmonics of comparable magnitudes, the problem 
of estimating^ their distribution and the effects of 
different conditions, would be much more complex. 

In conclusion, I simply wish to add that telephone 
engineers are, of course, interested in corona harmonics 
as a possible new source of difiSculties, but I am very 
glad Mr. Lewis points out the desirability of operating 
below the corona voltage, thus avoiding these dif¬ 
ficulties. This new phenomenon is but another il¬ 
lustration of an old recognized fact that the sources of 
interference to telephone lines are not the essential and 
important factors in power transmission but the little 
excrescenses, such as harmonics, which as in the case 
shown by Mr. Lewis may be quite undesirable from 
a power viewpoint. 
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APPENDIX 

The assumed wave form of exciting current for a 
single transformer is as follows; 

Harmonic Percentage 

3 . 44 

5 22 

7 10 . 

The third is of course absent from the 30 amperes 
rtirS m to Sds to to primary Jlta which is 
mSe UD of fundamental fifth and severith only. 

At the bottom of the last column of page 10!*1 are 
imfySres of leakage “f to » 

formers upon which the following for the third bar 
monic have been deduced. 

Winding Impedance—Ohn^ 

120,000 

125,000 

1 zLO 000 ^ 84:0 

The real terms in the above impedances are based upon 

£?Scenhraa«»t‘ 

SSt'LSio 

i page WSl. beihg at IW cyto about 16.4 
+ j 83 ohms or per wire 50 + ] 2J0 ohms. 

Buckner Speed : Referring f gg to say 

^‘’oT''the«"Sn?to te?°erfl o^a geuuindy new, 

t lieS'^^nSTn^^tiom » 

thoroughly a mf the Vacuum bulb was 

transmission as the is a thoroughly 

do for power transmission what was imp^ 

y..,. til p series of d-c. generators at the operating enu 
Sd^e See of d.c. motoia at to receiving end in to 
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Thury d-c. long-distance power transmission system 
experimented on with only moderate success a good 
many years ago. If we are going to net up the entire 
country, then necessity is calling, and necessity is the 
mother of invention. Were the fundamental scientific 
knowledge now available for us to successfully engineer 
a d-c. power transmission system using a quarter of a 
million volts direct current, we could put our main 
interconnecting links underground in the form_ of a 
single copper conductor properly supported inside of 
an oil pipe line with proper insulating oil slowly pumped 
through it from substation to substation, probably 
cleaning it and drying it up to the highest insulating 
point as it passes by each substation. Of course no 
such scheme can now be engineered because we neither 
know how to make a quarter of a million volt d-c. 
power in large quantity, nor how to transform it into 
lower voltage, either alternating current or direct 
current, or into mechanical movement, without the 
above referred to thoroughly fundamental pioneer 
invention, and this I say is needed. 

Further, in one of the papers, I do not recall which, 
there was a slight error, or else there may have been an 
error suggested in the minds Of some, in the idea that 
the Fourier analysis of periodic variations gives a 
correct representation of the current or voltage vari¬ 
ations in a circuit exhibiting coropa. I think this has 
been referred to by our friend John B. Taylor. I wish he 
were here. The fact is, the corona loss begins abruptly, 
does not occur through the entire cycle and consequently 
while we can simulate as closely as we like the effects 
arising from corona by a super-position of sine waves, 
we must bear clearly in mind that we are merely consider¬ 
ing a thing which approximates and does not represent 
the actual conditions, for the corona has not only not 
a harmonic variation, not even a complex harmonic 
variation, it is a series of disconnected events. In 
the matter of the development of high-frequency in 
the neutral of a high-voltage system, where the peaks 
of the_ waves in the three transmission wires reach 
the point where the corona begins, it is interesting to 
note that it would be possible to make a high-frequency 
system of generation through the use of tlmee or six- 
phase power _ transformed up to a point where the 
corona effect is found at the peak of the wave, and by a 
pitable star connection get either 180 or 360 cycles 
in the neutral conductor; or if we st^ with a three- 
phase generator of very high initial frequency we can 
very simply get six times this frequency through the 
same scheme. 

F. W. Peek, Jr. : I wish to repeat that I have every 
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confidence in the success of the transmission of energy 
at 220 kv. There is, in fact, no reason why these pro¬ 
posed systems should not be more reliable than the 
lower voltage systems. 

As Mr. Baum states, the question of regulation and 
stability becomes of the utmost importance as the 
lengths of lines increase. This is so, long before the 
quarter wave length (750 miles at 60 cycles) is reached. 
Very successful operation has been obtained for years, 
on lines up to more than 200 miles in length by means 
of synchronous condensers placed at the ends. Mr. 
Baum proposes to place synchronous condensers at 
intermediate points on long lines. The effect is equiv¬ 
alent to stacking up a number of shorter lines. Stabil¬ 
ity should thus be secured up to great lengths. 

There is still an insulator problem. While undoubt¬ 
edly great improvements have been made in the me¬ 
chanical design of the cemented type, these insulators 
still sometimes crack and fail. The Hewlett with its 
loose fitting hardware has been free from this trouble. 
This problem applies to high and low-voltage _ lines 
alike and must not be lost sight of in the discussion of 
the problem of grading or shielding which becomes of 
importance at the higher voltages. , • u- 

I first became interested in grading or shielding 
about ten years ago.^ What was then only an 
academic problem has now become an important 
practical problem. There is sometimes a misunderstand¬ 
ing as to the reason for grading. The primary re^on 
is not to increase the arc-over voltage of the string 
but to make each unit take care of its share of tne 


^ crc^ 

An insulator string consists of a nun^er of 
capacities in series. The voltap 
if It were not for a disturbing factor. The distmbing 
factor is the capacity to ^ound of the 

The capacity to ground causes from 20 *0 30 per cent 
of the voltage to appear across the line 
tion may be made by incre^mg ^ ^ 

line unit, increasing the next one above ^he line to a 
lesser extent and so on up the spring. This may 
done by units of different size or by adding plates to 
Sd2d units. It is rather 

correction without also increasing the capacity to 

fbe by As the 

naSStoXr?^s method shields the strmg. or, m 

(1) Peek, Electrical -Characteristics 907“' 

■I t A T TT* TT*, HTt? aivtSACTIONS 1912, Vol. page oUi 
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effect, eliminates the disturbing element, the capacity 
to ground. Fortunately this is very easily done on 
standard insulators. The simple ring shield is hung 
on the line end of the string. 

The relative characteristics of the two methods may 
be summarized as follows: 

Shielding: (a) Reduces the voltage on the line unit 
from one-third to one-half, (b) Prevents corona on 
the units, (c) Directs the arc away from the string. 

(d) Reduces surface voltage stresses from one-fourth to 
one-third and thus increases the arc-over above that on 
the unshielded string when part of the units become 
conducting by dirt, (e) Prevents high local stress due 
to transients by establishing the proper field through 
the air and not through the reactance of the links and 
hardware, (f) Does not require special insulators. 

. Grading: (a) Reduces stress on line units, (b) 
Causes corona formation, (c) Causes arc to cascade 
badly along the string, (d) The addition of capacity 
plates increases the hazard by adding extra edges for 
corona formation, and, by covering a larger area 
requires a larger part of the porcelain to be perfect. 

(e) Requires several different types of units. 

M. E. Skinner: There is one question which the 
great length of high-voltage systems, such as those 
considered in Mr. Imlay’s paper, present, which it has 
not been necessary to consider with transmission lines 
of the length and voltages used up to this time. I 
refer to the possibility of resonant voltages at triple 
frequency. 

When the length of a transmission line having a 
grounded neutral approaches 250 miles, this possi- 
bihty is present and must be considered. Every 
transformer bank is a potential source of triple-fre¬ 
quency voltage and as Mr. Lewis’ paper points out, the 
corona loss may also result in voltages of triple frequency. 
If the normal operation is below the corona point the 
latter source is less important to consider than the 
triple-frequency voltages produced by the transformer 
banks. 


Third harmonics in the generator voltage, between 
line terminals will be eliminated by the star connec¬ 
tion of the generators and delta connection of the low- 
voRage side of the step-up transformers. 

The triple-frequency voltages in the three phases 
are in phase with each other and will act as a single¬ 
phase system consisting of all three transmission wires 
in p^allel as one side and the earth as a return: the 
circuit being completed at the generator end through 
the step-up transformers. The paralleled transmission 
wires may be replaced by an equivalent conductor. 
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The constants of the resultant single-phase system will 
depend upon the effective depth of the earth current 
which may be anywhere from the depth of the image 
to several thousand feet. Tests indicate that 500 to 
1000 ft. below the surface will represent fairly average 
conditions. The impedance of the earth return is 
negligible. The impedance of the transformers is, of 
course, that of all three phases in parallel or 14 normal. 

Mr. R. D. Evans has developed fairly simple for¬ 
mulas covering the various conditions such as receiver 
open or closed, which are shortly to be published. By 
the aid of these formulas or others similarly developed 
it is possible to compute the length of line necessary 
for perfect resonance or the resonant conditions on a 
given length of line. 

In case resonant conditions exist the amount of the 
triple-frequency current will depend upon the amount 
of triple-frequency voltage residual in the system and 
upon the resistance of the circuit. The latter is very 
low as the three transmission wires and the three legs 
of the transformer bank are in parallel. 

Some of the possible sources of triple-fr^uency 
residual voltage on a system will be: (1) Corona, 
(2) Transformer banks, (3) Unsymmetrical transformer 


connections. , 

Corona, of course, can be controlled. The triple- 
frequency residual voltage from symmetrically con¬ 
nected transformer banks can be minimized by the 
use of delta-Y connection or by the use of low 
pedance high capacity delta connected tertiary end¬ 
ings. In fact the low voltage side of the^ Y-delta 
connection may be considered as a tertiaiy winding of 
very low impedance; in the case of the tests referred 
to about 7J4 cent at fundamental frequency. 
Low capacity tertiary windings used primarily^ lor 
reduction of the third harmonics have sometimes been 
made with impedance as high as 30 Pf cent to 50 
■ner cent at fundamental frequency and full kv-a. 

Unsymmetrical magnetic circuits in transformers 
such as are commonly used in 3-phase core form trans¬ 
formers may be sources of trouble even when equipped 
with tertiary windings as outlined. This is for the 
reason that the length of the magnetic eircmt in the 
nuter le£S is greater than that of the mid-leg. y^n 
seqSentil JLy require a different ^amount of tnple- 
Suency excitation than.the mid-leg. It is obvious 
that this cannot be supplied by a current which cir 
piilat.es through all three phases of the tertiary winding 


“Ss^metrical transformer connections can be 
avoided. 
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Certain operating conditions tend to minimize the 
possibility of triple-frequency resonance. 

1. Transformers connected as part of the trans¬ 
mission lines without oil switches. This in effect 
avoids the possibility of open-circuit resonance by 
having the circuit closed at all times through the step- 
down _ transformers and their ground connection. 
This is also advantageous in limiting tlie regulation 
of the step-down end of the line when load, is removed, 
as any rise in voltage, produces a very heavy low power 
factor lagging load due to the over-excitation of the 
step-down transformers. Over voltages of 30 to 40 
per cent would increase the exciting current from a few 
per cent up to a value comparable with the normal 
full-load current of the transformer. 

2. Transformers connected at some intermediate 
point thus modifying the circuit constants. 

The indications are that some of the larger high- 
voltage transmission lines now contemplated are 
approaching this resonant condition. 

C. L. Fortescue: In Mr. Imlay’s paper on page 988 
he makes comparison of the performance of a trans¬ 
mission line 350 miles long at 60 cycles and 25 cycles. 
In going oyer that table I notice that the conditions 
do not indicate that he had the best working proposi¬ 
tion for 25 cydes. 

I think we are coming more and more to see that the 
transmission system should include transformers and 
synchronous condensers and the rest of the regulating 
equipment, as part of the transmission lines and Mr. 
Baum has pointed out that we probably should con¬ 
sider the length of 100 to 150 miles as standard and 
keep the voltage at each end of these lengths uniform 
by means of synchronous condensers.. In that way 
we will be able to get the best operating condition on 
the line. 

Mr. Peek and also Mr. Baum have shown two ways 
of considering the insulation problem. We can ob¬ 
tain uniform string distribution by grading the in¬ 
sulators, we can also obtain it by shielding. I would 
like to point out that in 1913 in. some papers Mr. 
Farnsworth read before the Institute I pointed out that 
the problem of insulation was not a problem of ob- 
temmg strength in the porcelain body of the insulator 
but rather the designing of the insulator and the metal 
parts so as to obtain the maximum strength in the air 
path. It was pointed out that one important point in 
connection with this problem was the proper shaping 
of the porcelain body itself. Another equally import¬ 
ant factor was the proper shaping of the electrodes' 
The problem is no different for the suspension insulator 
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than for pin type insulators. In the ^ suspension in¬ 
sulator—I prefer to consider a string of insulators as a 
mechanical support. We have to consider the elec¬ 
trical characteristics of the mechanical support. In 
the string of insulators of equal units, i. 6., equal 
capacities as Mr. Peek has pointed out, what form of 
shield shall we put in to get best results. The answer 
is that the shield should be such as to produce as far 
as possible a uniform field. ^ 

I would like to say that the insulator itself is a disturb¬ 
ing feature in the voltage produced between line and 
ground. By various devices we can shape the dis¬ 
tribution so that the gradient at the end insulator will 
not be steep. We may do that by means of rings, etc. 

I think it important to consider both shielding and 
grading. Grading will probably reduce the entire 
arcover because it artificially forces a distribution at 
the insulator string different from the natural one and 
in doing so we produce high normal intensities at the 
hardware on the string. We may in removing the 
string distribution instead of increasing the arcover, 
reduce it. It appears therefore that a great deal ol 

further study is needed on this subject. 

Professor Ryan; Mr. Baum’s paper, I know, to 
be the product of an enormous ainount of work on nis 
part. He develops two problems, indicates for us tneir 
solution. To the first he gives one solution, the second 
several solutions. The first is the problem of indefi¬ 
nitely long distance power transmission and the second 
supporting of the necessary conductors for the same 
by effective insulation. I have had the privilege o 
working with Mr. Baum in person through a few phases 
of his great undertaking. In so doing, I have become, 
very much interested in routes of disch^ge whe 
flashovers occur and the causes, ^bereofi The great 
importance of the primary flectric field, especially the 
field in advance of the development of the flash, whioh 
leads to flashover, was analyzed and . 

auxiliary fields that inevitably accompany the 
S of such flashoy^. Stute we 
way that I hope will be ““^ertahen Iw rany md 
carried through because they involve factors of great 
iSrtance In regard to the point that was brought 
Ky m 5 Imlay in his paper concernmg dependency 

SPcomna tor Wang the renegade ^ergi« tta 
develoo overvoltages. There is a time ®i®™®^^ 
therein that is of very great importance which JioMd^^^ 
studied a lot before we make up 

nnnn V*nrona for such purpose. The accompanying 
■ohotoeraph Fig. 3 was made when a senes of wave 
trains was impressed upon a conductor that was sup 
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ported by a F-string, the string having 15 suspension 
insulator units. In the test.the end of the conductor was 
terminated in an 18 sphere-net so as to suppress corona 
there. The terminal was, 84 in. from the wall, the 
conductor proper was 51 in. to the tower crossarm, 
and 49 in. from tower members.' Out of 32 wave 
trains two struck 84 in. to the wall, 27 to the crossarm 
and 3 to the tower. Now while a flash developed a 



Fig. 3 


length of 84 in., corona grew out from the 1 in. con¬ 
ductor. Time is the essence of this sort of thing and 
while a great deal is known about the breakdown of 
air columns still little is known beyond the work of 
certain pioneers, Messrs. Fortescue, Peek, Steinmetz 
and Hayden. 

J. T. Barron; I wish to elaborate on the state¬ 
ment of Mr. Bailey’s on page 1009, relative to inter¬ 
connection. 

In New Jersey, where we have connections between 
several generating stations totaling about 175,000 
kv-a. with an approximate total of 1000 miles of trans¬ 
mission at 13-kv. and 26-kv. and with the main genera¬ 
ting stations five to fifteen miles apart, we have made 
studies as to the best method of operating the system. 

A theoretical division of the system load is made, 
based upon the most economical operation of the 
various stations under different conditions. These 
results are plotted as curves and placed in operation, 
the results being noted with respect to both service 
and economy. Necessary revisions are then made 
to the charts and the results obtained with the 
revision compared with the original and if necessary 
further revision made and placed in service. In this 
manner, a series of operating charts covering all 
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operating conditions is finally obtained from which 
load dispatchers operate the systern. 

With service the first consideration, and no regula¬ 
ting apparatus employed on transmission lines, the 
theoretically correct division of load and power 
factor by means of field and governor control is not 
always obtainable,, but the results obtained by use of 
charts have shown large savings by comparison with the 
operating costs prior to the close application of such 
charts. 

The installation at proper locations of corrective 
apparatus for the improvement of the system power 
factor will result in further economy^ and better volt¬ 
age and operating conditions. It is our policy to 
install 13,200-volt and 2400-volt synchronous motor- 
generator sets for this purpose, the generators being 
used for d-c. railway service. 

M. E. Skinner: Referring to Mr. Bailey^s and 
Mr. Elden's papers, there are several, types of tap 
changers available for use with tie-in transformers. 
They divide themselves into those which may only be 
operated when the transformers have been killed, and 
those which may be operated under load. ^ ^ 

In the former class is the tap changer consisting of 
switches mounted in the top of the main transformer 
with an operating handle extending outside the case. 
The latest type of such a tap changer employs cam 
operated contactor switches. 

When the load cannot be interrupted there are two 


cases, ^here abrupt changes of a reasonably small 

amount can be permitted. ^ 

2. Where smooth and continuous variation in 

voltage is necessary. ^ - 4 . 1 . 

For the first case, cam operated contactors with a 
preventive coil have been used. By placing the tap 
changing switches in the neutral they wih be relieved 
of voltage strains to ground. The West Coast affords 
at least two good examples of this type.^ 

For the second case, the step-induction regulator, 
mentioned by Mr. Bailey and described^in detail in 
the appendix to his paper, page 1012 , offers an ideal 
solution. The objection rais^ by Mr. Bailey of the 
high-voltage sliding contacts has been met by the use 
of cam operated contactor switches. . 

Tap changers should always be placed in the winding 
of lower voltage unless the current is excessive, because 

( 1 ) the ratio of transformation can be changed 

equally as well. . , j. •+ 

(2) it is much easier to insulate switches. • 

( 3 ) it is much easier to bring the leads out of the 
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transformers. The number of leads should always be 
limited to the absolute minimum as each extra lead 
represents a serious complication. 

H. W. Smith: In connecting two power systems, 
the questions of voltage and power factor regulation 
are extremely important. Possible methods of regu¬ 
lation are as follows: 

(1) The use of synchronous condensers without any 
other regulating equipment; (2) The use of synchronous 
condensers combined with other voltage regulating 
equipment; (3) Voltage regulating equipment not 
involving synchronous condensers. 

Voltage regulating equipment other than syn¬ 
chronous condensers may comprise the following: 

(1) Induction regulators; (2) Step-induction 
regulators; (3) Auto-transformers with or without tap 
changing schemes; (4) Two winding transformers; 
(5) Three winding transformers, the third winding 
supplying a synchronous condenser; (6) Synchronous 
booster. 

Mr. Bailey’s paper describes very completely an 
application of the induction regulator. Up to the 
present time induction regulators have not been built 
for voltages higher than nominal 13,200-volt systems. 
For higher voltages, the step-induction regulator pre¬ 
sents the advantage of lower first cost. 

In some interconnections, auto-transformers giving 
an additional boost of 10 to 20 per cent may be used 
in conjunction with synchronous condensers to give 
good results. Auto-transformers can be provided with 
one or two taps and these changed .under no-load con¬ 
ditions, to allow for changes in load conditions. To 
change taps under load means the use of a number of 
switches in conjunction with a small auto transformer 
and for high voltages will be costly. Two and three- 
vwnding transformers can be used to obtain any addi¬ 
tional voltage desired, and they have the advantage of 
isolating the two systems. The third winding can be 
used to supply synchronous condensers in order to get 
power factor' control. Some of the points to be con¬ 
sidered in the use of three-winding transformers are 
covered in Messrs. Skinners’ and Peters’ papers. 

The_ synchronous booster can be used, but in most 
cases its voltage will have to be stepped up through a 
series transformer for insertion in the line. This is 
necessary because it is extremely difficult to design 
a small high-voltage machine which will stand up under 
&e short-circuit conditions obtaining on a large system. 
Other objections are also the higher losses and the 
attendance necessary. 
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A. O. Austin: There is one thing that usually 
happens: When there is trouble on a transmission 
system and we can not locate the source, it is generally 
blamed on the insulator. This is largely due to the fact 
that evidence coming from the field is often misleading. 
Owing to the smaller clearances at the tower, a power 
arc starting from the conductor or clamp will be near 
the insulator and is likely to involve same. Trouble 
which may be started by birds is usually at the tower 
and is also likely to involve the insulator. While 
these troubles are naturally laid at the door of the 
insulator, it is however, highly important that we 
distinguish between troubles starting from the insu¬ 
lator itself and those which may start from some other 
cause but involve the insulator, making it appear as 
though the insulator was the teal cause of the trouble. 
If this is not done, unnecessary expense may be in¬ 
curred without materially improving reliability of 


the system 

The insulator has often been regarded as the limit¬ 
ing factor as to operating voltage, whereas it would 
seem that the real factors are the old and important 
ones of regulation and the breakdown of air along the 
conductor. During the war. the Government came 
up against a serious situation in connection with the 
operation of the large radio stations which used a per¬ 
sistent wave. The claim was made that the limitation 
in operating voltage and the efficiency of the large 
radio systems was due to the insulator. In return it 
was claimed that insulators were then available, which 
if used, would put th^ limitation up to the breakdown of 
the air on the aerial. That this latter assumption 
was correct has been proven by a recent trial run on 
the Lafayette Station. During the trial run it der 
veloped that approximately 200^ kv. was the limiting 
voltage as the conductor or aerial would plume. At 
high frequency a plume or arc may start 
conductor at a comparatively low voltage, the ^c 
going to ground a distance of some feet if there is sutn- 

cient energy. . , . ^ 

It would seem that in general we have the same 
situation on the large transmission system that we 
have with the radio stations. In the case of the radio 
systems it is possible to place the limiting factor up 
to the pluming point of the aerial or conductor and it 
would seem that by applying the same i^ethods to 
transmission work, it mil be possible to place tbe weak¬ 
est electrical point on the system on the conductor 
' some distance from the insulator. . 

By the use of the insulated control, it is possible to 
greatly raise the voltage which the conductor will 
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carry in the vicinity of the tower and as this device is 
effective on any frequency or voltage, it is certain 
that the upper limit of voltage is not that due to the 
insulator. By the use of the insulated control and the 
caging of the conductor, it is possible not only to con¬ 
trol the gradient of the string, but what is even more 
important, the pluming point of the conductor may be 
greatly raised so that the danger of breakdown in the 
vicinity of the tower is greatly reduced. The break¬ 
down voltage in some cases may be practically doubled 
for a given clearance. This is particularly important 
where it is desired to raise the voltage on an old system 
having small tower clearances or where it is desired 
to operate at an exceedingly high voltage. 

^ On any transmission system there are certain agen¬ 
cies tending to set up high-frequency disturbances, 
which, if not damped out, may cause a breakdown 
regardless of the line insulation. The damping will 
increase approximately as the square of the frequency 
and as the square of the voltage. From this it is 
evident that if attachments in the vicinity of the tower 
raise the flash-over or pluming point of the conductor 
or fittings, even by a small amount, the increased losses 
possible before a spilling voltage is reached may absorb 
the energy in the transients and prevent a spill or arc 
with attendant interruption. 

The small damping or absorption of the disturbances 
o|n the large projects of today, owing to their low natural 
period, must be given due consideration. On the 
system having a low natural period, and consequently 
absorption rate, it is highly advisable to raise 
the flash-over and prevent the line spilling so that 
the increased losses will absorb the disturbance before 
• voltage is reached. Fortunately the losses 

in the ground and air increase as the square of the 
voltage. It is then evident that improvements, which 
will permit an increase in the maximum possible volt¬ 
age which may be placed on the system before arcing 
will occur, may be very much more effective in damp¬ 
ing out the disturbances than would be generally sup- 
posed. A system having considerable trouble from 
spills may then be benefited materially by raising 
the spilling point of the conductor or insulator system. 

On transmission systems there are many causes 
tending to set up disturbances. These disturbances 
need, however, to cause little or no trouble if the spill- 
mg point can be raised to a value where the absorp¬ 
tion will cause the disturbance to be dampened out 
least held within safe limits. 

^ It has been evident for some time that systems hav¬ 
ing large conductors apparently have a different class 
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of disturbances and the question of effect of corona in 
producing harmonics should be given careful attention. 

In the large conductor there is of course no discharge 
present up to a point in the wave where the air breaks 
down. When the air breaks down there is a rush of 
current in the streamers which will certainly incre^e 
the effective diameter of the conductor and its effective 
electrostatic capacity. There will also be a reduction 
in the effective capacity of the conductor when a certain 
point is reached in the wave. This voltage is likely 
to be lower and will be effected by frequency and size 
or nature of the conductor to some extent. While I 
believe it is possible that corona may set up rather 
serious disturbances, it would seem that we have a 
remedy at hand, for raising or lowering the voltage 
will change the point at which discharge tends to take 
place, and thereby affect the resultant hamonic. 

Tests at normal frequency would indicate that it 
is not possible to place sufficient voltage on the trans¬ 
mission system to cause insulator trouble as the appa¬ 
ratus would not have sufficient kv-a. capacity to charge 
the line. Where transients are likely to cause the arcing 
to ground, a small additional expense will place the 
limitation at the pluming point of the conductor 
several feet from the insulator. Tbe sa.me scheme 
which will increase the flash-over of the insulator or 
conductor in the vicinity of the tower can also be made 
to produce practically any gradient in the insulator 
string so that it would seem that there is little or no 
cause to fear from the insulator for any voltage con¬ 
templated. This may be accomplished with the regu¬ 
lar suspension insulator as generally ^ed. ^ 

The following photographs will show what may be 
accomplished by the use of instated controls and con¬ 
ductor guards at comparatively small cost. ilg. 4 
shows a suspension string arcing at wrv 

shows the same suspension stnng equipped with very 
small insulated controls. In Jhg. 5 it Jer 

the arc is taking place from the conductor to the tower 
the arc starting several feet from the j' 

shows the same insulator string with insulated controls 
and a conductor guard or cap for increasing the flash- 

ixifif volt8>S6 of tho conductor. , v i 

The relative difference shown in the sewral photo- 
crmnlis; will be verv much greater where there is con- 

or 

Seta'‘Rg“6 “smeaS'lvailable for raising the 

5l2?a?pin » 

this^ treatm-ent may not be necessary or advisable 




Fig. 4—^Nine Section Insulator with B 
AND Center Phase Clearance— 335 Kv.- 


C. Hardware 
-35,000 Cycles 


Fig. 5—Nine Section and One Special Section Ini 
477 Kv.—35,000 Cycles. B. C. Tower Ins. Cont 
11623 S. C. 


insulators is exceedingly small and insulators of com¬ 
paratively large size can now be built without having 
an unduly high rate of depreciation. This permits 
of a single string in place of multiple strings resulting 
in a considerable saving. The problem is an exceed¬ 
ingly interesting one but time will not permit of a 
thorough discussion. 
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given system, the method is very effective in raising 
the flash-over of the system and, gives a favorable 
gradient as is shown in Fig. 7. 

The real problem in the insulator is an economic 
problem, which it would seem is on an exceedingly 
satisfactory basis. The depreciation rate on the best 
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I can bear out Mr. Creighton in what he says regard¬ 
ing the treatment of insulators. 1 
however that he should have obtained the very high 
bsses in’the untreated insulators 
or cementing materials used were very interior, inere 
are records from the field on thousands of insulators, 
some of which have no treatm^t ’ 

and others having Pa^ial treatment where thejosse^ 
jiftpr six or seven years are negligible, ine cemenL 
ta Tnsufators has been treated in 
certain types for a number of years, but^ it is not be 
lieved that the treatment of the cement is^ cure- , 
although it may be a material benefit m some cases. 



Fig 6-8AME InsvitATOB Sxbing. 514 Kv.-34.000 Cycles. 
Insulated Controls and Conductor Guard 

One of the easiest methods is to 
cement with paraffine and gasoline, which has be 
shown to be very effective in f ° A 

lators, the method being apphcable for field wo a 
T iiimWer of cases have come to my attention wnere uie 
^Sn vSuf any metal in 

Snd without any “dm®"*; “<=^23*0? Sml^her 
set un due to temperature gradient or some oiuei 
Sui Seatoent of cemeat regard^ o( its value 
will evidently not take care of cases. , ^ ^ 

There are now operating records on hundreas o 

thousands of insulatOTS ^oint or by 

set up by the cement by resiliency m the ]oinr y 

restriction of the Sfon of the 

quantities of insulators where that portion o 
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cement which is likely to be affected by time has been 
impregnated. While it is thought that this treatment 
has been worth the cost and effort put on same, it 
must not be^ over-rated for very severe stresses may 
be set up owing to the temperature gradient in the case 
of pin insulators and the difference in expansion be¬ 
tween the metal and porcelain in the case of suspen¬ 
sion insulators which will exist regardless of the treat¬ 
ment of the cement. Some of the means applied for 
relieving stresses^ were discussed in a paper in June, 
1917, but time will not permit of a complete discussion 
of this subject. 



Fig. 7—Potential Geadiekt Curves foe 220-Kv. Line 
10-TJnit String No. 25621 Insulator 


It is gratifying to note that Mr. Creighton is evi- 
dently satisfied, that the simple impregnation of the 
cement will ^ apparently eliminate the theoretical 
disadvantage in the cap and pin type insulators. 

it would seem that the real problem today in high- 
tension transmission is not the insulator, but, first 
line regulation, and second, corona losses and their 
ettect upon the system. 

With the advent of exceedingly long lines, it would 
seem that there is also some question as to the frequency 
to be adopted unless the magnitude of harmonics which 
are likely to coincide with the natural period of the 
line can be kept exceedingly small. 
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All of these problems can be solved and even should 
trouble develop, it is possible that simple remedies 
may be applied which would eliminate serious trouble. 

It would seem that we can install a transmission line 
at the present time for the highest voltage contem¬ 
plated with greater certainty than in the case of a 60-kv. 
line a few years ago. 

K. A. Hawley: Referring to Mr. Baums paper, 
all of the earlier transmission lines were carried on 
insulators of multipart pin type, reaching the practical 
upper limit at that time at about 66,000 volts. With 
the development of the suspension type insulator it 
became possible to place any number of units in series, 
thereby dividing the voltage between more thp four 
thicknesses of porcelain, the practical limit of pin type. 
For several years thereafter, the suspension insulator 
took care of lines quite satisfactorily up to 100,000 
volts and even to 150,000. ' . , 

The records taken from th^e higher voltage hnes 
show insulator flashovers which, while not making 
operation unsuccessful, yet have been frequent enough 
to be a real annoyance. So far, it has not been 
to exolain completely why these troubles occur. Aside 
from hghtning which must always be expected to ca^e 
insulator flashovers, these failures come 
other causes such as wet dirty insulators, switching 

surges, understood that with astring of stand¬ 

ard ^pension insulators, the unit next to the line 
^11 Shy from 20'to 30 per cent of the voltage 

SnTeltring^' wSld^ indicSra pc^ibihty 

“■■fn^Swettinf of it^at^to fg - hgU 
voltage concentratmn This, in turn, 

and more rapid drying at the _P . against the 

increases the local -ng still further the 

leakage currents, thereby cr ^^^g.^ incipient 

voltage concentration, t h s 

arcs are started at these p , . ^ gg jn fact, 

complete h^hover in case H gg^erators 

arhthTeqSy Surbances and surges which 
of local higii-irequeucy flashovers. 

would be the cause of complete nasnove 
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Just as the breakdown value of air between needle 
points is much less than between spheres, because of 
the building up of high-voltage gradients about the 
points, so the great differences of pressure about the 
bottom of the insulator string make the beginning 
of flashover easy with ultimate disasterous results in 


case of switching surges and other disturbances. 

A combined arcing and grading ring about the lower 
end of the insulator string will have two very decided 
advantages in correcting the above troubles. 

The grading ring will redistribute the voltage over 
the insulators so that the maximum voltage will not 
be over 12 per cent as compared with 20 to 80 per cent, 
as stated above. This, of course, will make the drying 
of insulators from power current leakage much more 
nearly uniform and, at the same time, will stop the 
beginning of corona around the hardware of the in¬ 
sulators, which will reduce the tendency to flash over 
when dry. As long as lightning is uncontrolled and 
nature provides arcs a mile long, it will be impossible 
for us to protect the line so that it will not flash over 
to the tower, and at the present state of the art, this 
will usually occur along a wet insulator string. The 
power arc which follows will immediately form from 
the arcing ring which will effectively lead the arc away 
from the insulators so as not to damage them. The 
arc rising to the ring, as it does on our grading ring, 
follows a course upwards such that the reactance of the ■ 
arc, acting as a magnetic blowout aided by the heat or 
chirnney effect, causes it to be blown quickly away from 
the insulators without damage. This ring must, there- 
1 1 I? connected directly to the line and not in¬ 
sulated from it. Its function is to protect the insulators 
from certain arcs which we now do not know how 
to prevent. The protection against further damage 
becomes rather a power plant problem in the sup- 
pression of the arcs by devices now available. 

Vve have found that with a 14-unit string, we could 
observe corona on the insulator parts at 100,000 volts 
without the grading ring, whereas no corona 
could be seen at 200,000 volts to ground, when the 
string was protected with the grading ring. 

It IS our belief that it toU be found desirable to use 
the grading ring with all insulators operating on trans- 
mssion lines above 100,000 volts. It is possible that 
thisjvill even permit the use of fewer units in the string, 
to be little fear from danger of punctur- 
^g o the porcelam itself. The combined arcing .and 
jading ring will afford a double protection, preventing 
flasbovers from causes aside from lightning and will 
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greatly aid in protecting the insulators in those rare 
occasions when arcs do occur. 

Referring to the Fritz-Gilchrest paper, the manu¬ 
facture of electrical porcelain has, at times, been 
clouded, with deep mystery as to the wonderful wrtues 
of the materials used, as well as unexplained per¬ 
formances of insulators because of different shapes and 
sizes. All of this can be, and is now, largely reduced to 
an exact science, the price of perfect porcelam being 
largely a matter of eternal vigilance. In th^ paper 
iust read, the manufacturing processes followed by the 
Locke Insulator Mfg. Company have ^e^n quite 
satisfactorily described, even to the 
their patented machinery. We are 
to have electrical engineers visit cleTn- 

show them the intima,te details of the 
ing and grinding of the ^’^Sjedieihs ds^ rourtesies 
porcelain. We have also extended the f SSS veS 

to other manufacturers’ f',, y®^^o„essrs S 

interested to see how completely tiieir processe^^^^^ 
form with ours which we l^^ve had m quite ^mp^^^ 
oneration for over four years past. _We have touna mat 

■nrohlem is the manufacture of perfect porceiai 
volving primarily, careful grinding and cleaning o 

siissssssi 

delivered to the insulator completely 

of elastic SXwnTnecessary. 

temperature cycles have not sno^^^^^ ^ 

In connection with Mr. .p .p-u^ development 

say that during the pin type insulators 

of electrical transmission hues the pin^^^ 

gave fair commemd satefactio . ^P necessa^ 
rs jSrS s4« tge jvjate m 

« the porilaii insulator as then 
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developed, was about all that could be desired. I 
remember having read in an editorial in one of the 
leading technical magazines early last decade, that the 
problem of insulation had been solved and that all 
that remained for the use of extremely high voltages 
was the development of transformers and switching 
equipment. 

Not long after this, however, the power companies 
realized that both types of insulators were in serious 
trouble and that unless remedies could be found, the 
practical limit of voltage had been reached if not 
actually passed. The cemented type suspension in¬ 
sulator was turned out in large quantities by all 
manufacturers without full regard as to the mechanical, 
ceramic, or electrical problems involved. No expan¬ 
sion joints.were provided between the hardware or 
porcelain; the porcelain was not as carefully made or 
bred as is now done; or properly shaped for its elec- 
tocal duty. Little attention was given to the kind of 
Portland cement used. Certain kinds of cement, 
especially those giving very quick setting character¬ 
istics, are inclined to expand in setting and still further 
in changing their crystalline structure later on. Crack- 
insulators has undoubtedly resulted from 
this. The coefficient of expansion of iron or steel is 
Higher than that of porcelain. Consequently, metal 
parts cement^ inside of porcelain will cause it to 
burst unless there is some cushioning for it, or unless 
the porcelain is elastic within the limits involved. Such 
a failure as this wouM cause longitudinal or vertical 
cracks in the porcelain parts. In the experience of 
OOT oldest men, they have never seen such a crack in 
the head of a suspension insulator such as we would 
®xpect from the expansion of the bolt. 

^The only conclusion that we can draw fr^m the 
above IS that the cement has furnished this cushioning 
effect.' Instead of causing the failure of these in¬ 
sulators, it has, we believe, been the thing which has 

fSor? suspended iS 

analysis of the failures of suspension insulators 
shows two types of cracks which may have been due 

nbmff an annular crack 

about the head of^ the porcelain at the top of the 

cemented pm. This has been corrected by placing 

Pdio nf ^ similar crack at the lower 

Wp h bore upon the horizontal shell, 

twepn fhp ^his by leaving a clear space be¬ 

tween the two parts and at the same time have placed 
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no cement in the pin hole lower than the level of the 

^^^is last change was made in about 1915 when we 
nlaced under the lower edge of the cap a rubber ga^et. 
Some of these insulators have failed and have been 
returned to us for inspection. In almost every case, 
it was found that this gasket was eccentric and was 
not propS-ly pSorming^ts function. We now use a 
easket of different material and remove it with all 
traces of superfluous cement before the insulator 

SW unfair to the cement to blame 
it for holding water for thirsty, porous porcelain to 
absorb If the porcelain is properly made, the pr^ence 
of water which is now always with us, will do no harm. 

As far as we know, failure of insulators aside from 
suAcc Mn^i, hmi been entirely mechanical and 
S ellcScal. The standard insuktor “ “w ma^ 
by the Locke Company, is an entirely different pro 
duct from that made only a few years ago. 

During the early years of suspension insulators, tlmre 
wi “a perJentagnailure altogether ^^86 ™ 

in suite of this, there are a very large part of those 

insulators still in service gmng a lot?*Sures 
themselves. While on some of these eai^ly lots, failures 

amounted to several per cent per y^^/^j^L^ng^the 
fircit vears of operation, insulators sent out during pe 

last fLr or five years have not yet 
of failure, even those not having all of th 

insulator attachments. We are, 
make anv time performance cuiwes to show the hie 
of insulators we are now making, and considenng 
JmperatSfcJcle tests,, etc to which we have sub- 
ipf’tpfl =;amules of these insulators, we believe that tne 
i^cM^fe wSl be limited largely by the life of the 

^^^^he uresent time, this porcelain insulator problem 
seems to £^ 80 ^. However, if in the future we find 
fhni- thpre is trouble due to cement expansion, as 
described in Mr. Creighton’s o£ 

now expect, we can apply his rem ^y. _ weakening 
iection to it is the matter of cost, a,nd the weaxeni^ 
S S meSiamical stragth of the maMors by 
vatiug the complete setting “f 
it will be necessary to turn to the Hewlett type insu 

“r'h “m'IS ”'Sfcompany with which I ajn 
comec'trf started experimaits 

cement of 'suspension insulat 9 rs m 1916. ihe results 
obtained may be of interest m this connection. 
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The tested insulators were prepared by allowing the 
cement to become well set, then thoroughly drying 
the cement, and finally soaking the insulator in melted 
paraffine. In addition a coat of varnish was applied 
to the outside of the cement as a slight extra precaution. 

During December 1916, the following samples were 
made up and placed put doors near our factory: 

41 treated units in strain position under load of 
about 3000 lb.; 

80 untreated units in strain position under load of 
about 3000 lb.; 

80 untreated units in vertical or suspension position 
without load; 

Megger teste were made at intervals but without 
finding any failure. Thinking that the megger test 
might not be showing up the deterioration, in July 
1919, two and one-half years after erection, we took 
down all the units and gave them the following test: 

50 kv. for one minute to pick out any already broken 
down, then one minute at flashover voltage to check 
up the quality of the porcelain. 

Of the 41 treated samples, there were two failures at 
50 kv., but as these had been chipped in handling it is 
doubtful if these were true failures. 

Of the 80 untreated samples in strain none failed at 
50 kv and would, therefore, have passed a megger 
test. However six failed during the flashover test, 
which may indicate some deterioration. 

The 80 untreated samples in suspension gave no 
failures on either test, except one unit which had been 
chipped in handling and failed at 50 kv. 

The experiment to date has run about four and one- 
half years. Recent megger tests show no further losses. 

These experiments do not indicate much difference 
between the treated and untreated units. It is true 
that climatic differences are an important factor, and 
it must also be admitted that as the insulators were 
simply suspended between supports and not subjected 
to the motion of an actual line that the conditions were 
not quite so severe. _ However, they do suggest that 
further study is desirable in order to form a definite 
opinion as to the value of impregnating the cement. 

I ^ especially interested in 
Mr. Creighton s paper. He suggests in his paper that 
the ceramic engineer is largely responsible for the 
solution of the problem_ of producing quality porcelain. 

1 agree that the ceramic engineer certainly has plenty 
of work to do, but I think that the production of 
cq^ercial pin type or suspension insulators that will 
wtnstand se^ce conditions is even more a problem 
for the mechanical engineer. 
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The mechanical porSlIm or metal parts 

as assembling of porcelain ? P If the prohlein 

to porcelain are given-more careful 

of assembling insulators had be the early days 

thought by the mechamca ^ service results oh- 
of transmission engineering, th 

tained fr^ ai’ve proper consideration to 

better. The failure ®, g?Q.pg(l in service is now 
the temperature stresses developea 

a matter of history. . . .^j-obably possible 

Mr. Creighton.sugg^ts that lys p 

to treat porous insulators „;+Vm+and service condi- 
S ihat these insulators wiU J^th^^iSSors would 
tions. I ^ ^?y/rrSit vdy Srt life in service, 
have anything but f%^^\^Ji.egnate porcelain suf- 

of time and afford opportunity i 

traction to draw priority of engineers who are 
sulators. I believe the ma^^ g any. porcelain 

experimenting P°^5®^%orous to allow impregna- 

body which is in line service where it 

tion offers a hazard it piacea 

is subjected to opinion of specifications. In 

I wish to expr^s my P ^nseful not only to the 

general, specifications are ve^u The manu- 

customer, but to the “an follows m 

factnrer must have specificajon standard quality, 
his factory ^ ^ nS entirely determme the 

However, specification ,. , g the specified tests, 
quality of d™St upon the quality 

The final quality come from the lain.. . 

of the insulator Pa^®-^nVraTmaterials, of mixing 
If a proper supervision J^ ^Yng ,s not 

and proportioning, manma _ A - ^ nniform qual- 

maintained, it i® PP^^et If the test losses repr^ent 
ity in the finished PJ°ou ’ rts it is very apparent that 
a high percentage of the P^^ts^^ ^^ there is some ewor 
either the d^ign ^ P™s Moreover, the Portion 
“f al which failures occur should 

ind«dto‘Mr. Austin 

the problem of air insula importance m the 

of the air i^®''^l^^^Xtor Mr. Fortescne d^cuss^ in 
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considering the stresses in the air path in the design 
of an^ insulator. The field inside of the fabricated 
material will give no disturbance in the air about the 
insulator when voltage is applied. Obviously, i is 
necessary to give a proper design to the inside of the 
insulator in order to avoid over-stressing any of the 
material. However, this is a very simple problem. 

The external field, L e., the air about the insulator, 
must be carefully designed if an efficient insulator is 
to be obtained. By proper consideration of the elec- 
trost^ic field according to principles established by 
Mr. Fortescue in his paper, the most efficient design 
m insulator between given electrodes can be obtained. 
The problem can be solved by laboratory experimen¬ 
tation as suggested by Mr. Fortescue. 

The distribution of stress over suspension insulator 
strings is now being given sustained attention by the 
central stations who expect to raise some of their line 
voltages to 220,000 volts. Mr. Baum^s paper dis¬ 
cusses proposed methods to properly distribute stress. 
Ihe method of grading has not been developed com¬ 
mercially in this country, but has been applied to some 
extent on transmission lines in Sweden. The Swedish 
engineers have graded some of their 66,000-volt trans¬ 
mission lines by the installation of units of different 
capacity, I do not believe it necessary to consider 
graaing 66,000-volt lines, but perhaps their method will 
be interesting. 

^ Their 66,000-volt line is insulated by a string of 
SIX suspension insulators (cap and pin type). Two 
insulators at the line end have a large capacity ob- 
tained by a large area of porcelain of a relatively thin 
section in the cemented section. The two middle 
units in the string have a low capacity obtained by a 
unit having porcelain of relatively thin section and 
smaller area than those installed on the line end. The 
two units next to the cross arm have about the same 
area of section as the middle units, but the section of 
insulating material is thicker. 

The Swedish engineers with whom I have discussed 
this grading schenie seem to believe it is advantageous 
method even on voltage of 66,000. 
tn Mr ' Creighton: I will confine my remarks 
S GilchresFs paper. I think the ceramic side 

^ deal of at- 

? V surprising thing for a scientific 

a porcelain factory and see the crude 
methods they use in their manufacture. Necessarily 
the ceramic side is more or less a' craft—they have to 

thev ^ the individual. The materials 

they use are dirt, dug out of a bank. The particles 
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Now; to one K ulve investigated insulators 
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accompanying Cady diagram, Fig. 8, that expresses 
me relation between voltage and corona formation in 
the breakdown of large air columns. 

relation between the current set up through air 
(and gases generally) and the correspondingly required 
voltages IS illustrated by the curve 0 ABC DF 
between the widest limits. For convenience ever 
are used for the corresponding values 
of I and E, On the application of 100 volts, more or 
less dependent upon the size of the air column in 
use, an extremely small current is set up. In all 
ordinary dimensions such current will be a small 
fraction of a microampere. It will increase with the 
voltage until an early limit at A is reached. At this 



^G. 8-~Unstable States in Aec and Glow Discharge 
( . G. Cady, Metallurgical and Chemical Engineering 
Nov. 15, 1915 . ’ 


sta^ the free ions are being conveyed to the opposing 
electrodes as fast as they are formed by nature No 
further increase of current through the air can occur 
without some additional source of ions. This con¬ 
duction through the air in the E: I relation at A 
is known as the saturation current. When the voltage 
? o®/?i greatly (attaining the value of 

about 30 kilovolts per centimeter in the air about the 
electrode at sea level) ionization by collision of ions 
and neutral atorns occurs resulting in a bountiful 
supply of ions, glow discharge occurs and the E: I 
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relation at B has been developed. This is an unstable 
state of the conduction of current through the air column. 
If the voltage is not lowered through some automatic 
control, as by an ample resistance in circuit, corona 
formation will develop into long flashes which when 
they reach the opposing electrode form flashovers. 
Flashovers occur, therefore, at the j5-state or just beyond 
it if the flow of current is not limited by some form of 
ample “ballot,” i. e., resistance or reactance and the 
voltage is high enough to cause the glow or streamer 
discharge to touch the opposing electrode or to touch a 
similar glow or streamer discharge from such opposing 
electrode. If flash-over is not permitted, through 
current control, the corresponding voltage is dowered 
as the current is allowed to increase until the stage at 
C in the E: I relation has been attained. At C 
the cathode has been heated by the bombardment of 
incoming positive ions to the degree whereat it radi¬ 
ates ions in abundance. A further and rapid drop in 
voltage ensues with increase of current until the 
E : I relation develops the stage at D. At this stage 
the anode has begun to fail forming thereby the 
fourth and most prolific source of ions. The E : I 
relation between the C and D stages is that of the 
half-arc, the Poulsen arc converter used in radio 
telegraphy is an example of this type of arc. The fully 
developed power are as we ordinarily know it occurs 
at and beyond the F stage. 

All of these unstable formsv of conduction through 
the air have the common physical property of con¬ 
stituting sources of oscillating currents, and, therefore, 
of line trouble to a greater or lesser extent. 

The trend of practise is to make the line aperiodic, to 
make it open only to currents at normal frequency, 
and to see in every respect as far as we can that it is 
closed for the circulation of current at any other 
frequency than the frequency of action for the trans¬ 
mission of power. Accordingly our trend of effort, 
action and development must be to cut out as far as 
possible all sporadic sources of alternating^' current. 
Everything that we learn in regard thereto is a great 
help. 

Passing on to Mr. Creighton’s paper: During the 
past year a committee of the N. E. L. A. engaged in 
the conducting of an aging test; cap and pin insulators 
from prominent makers were selected and put through 
a temperature cycle test in strings, beginning in the 
middle of January and completed a few days ago. 
3600 temperature cycles, one cycle' per hour. The 
string contained a dozen units each loaded to 2Q00 
pounds, In a climate where the air is dry the air 
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surrounding the insulators in the ovens was heated 
up by means of resistors. A rather drastic cycle 
occurred,—130 deg. fahr. variation in temperature in 
the rims of the insulators and 40 deg. at the 
centers. After each 150 cycles for a few minutes 
the action was stopped and high-voltage flashover 
tests were applied to see if they were all enduring the 
temperature test and remaining in good condition. 
All have endured this test. A few more cycles will 
be added so as to round out the cycles to near the 
number of daily cycles in a ten year period. The 
insulators were dried out thoroughly and by sawing 
right through them on a plane through the center, 
cracks were found to extend up and down through the 
cement. 

Passing on to Dr. Whitehead’s paper: Mr. Fortescue 
in his discussion yesterday and today Mr. Creighton 
and Mr. Gilchrest have emphasized the importance of 
air surrounding the support of the high-voltage trans¬ 
mission line as well as the support of many other 
things operating at high voltage. It follows therefore 
that Mr. Whitehead’s paper is of particular interest 
to us all and of great value. It is through his work, 
in regard to which he has well informed us from time 
to time, that we are able to go ahead with many ex¬ 
periments in high-voltage research. 

F. W. Peek, Jr. : Referring to papers by Baum and 
Lewis during the discussion there has been quite a 
bit said about “high frequency” causing trouble on 
transmission lines. The term may equally well cover 
a large variety of transient disturbances and I believe 
engineers should be careful not to speak in too loose 
a way. If by “high frequency,” undamped radio 
frequency is meant, I believe that we can safely say 
such disturbances practically do not exist on trans¬ 
mission lines. 

_ It was my good fortune some years ago to assist 
in conducting an investigation of the disturbances 
occurring on transmission lines due to lightning. 
A 25-mile idle line in the mountains of Colorado 
was available _ for this purpose. The character¬ 
istics of lightning induced on transmission lines were 
studi^. Measurements were made of voltage, energy, 
duration, etc. In general, it was found that the volt¬ 
ages were of steep wave front. Many discharges took 
place on the lower voltage gaps. The discharges on the 
higher voltage gaps were less and less until finally there 
were very few on this line at a needle gap setting for 
alDout 200 kv. This would perhaps correspond to 
about 400 kv. in actual volts. 

Other transients that are of importance on trans- 
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mission lines are those caused by arcing grounds on 
systems with isolated neutrals, and those caused by 
switching. Such disturbances that we have been 
aWe to measure are either in the nature pf a surge or a 
highly damped high-frequency oscillation. Disturb¬ 
ances of this character sometimes reach double 
voltage but often cause very little rise in voltage across 
the line. They may, however, build up to high 
values internally in inductive apparatus. 

Fortunately the grounded neutral system is fast 
replacing the isolated system. 

Insulator failures may be caused by excessive volt¬ 
ages, by weakened insulation, or by a combination of 
the two. Available data indicate that the greater 
number of insulator failures have not been primarily 
due to excessive voltages or to “high frequency.” 

A. W. Copley: For some time in the past it has 
been customary to frown on star-star connected 
transformers and especially when these transformers 
were auto transformers; but with the development 
of the lines interconnecting systems all over the 
country, and particularly the development of inter¬ 
connecting lines on the Pacific Coast, the desirability 
of making those interconnections in the rhost 
economical way has caused the development of the 
star-star transformer to such a point that it is entirely 
safe to use it not only from the standpoint of telephone 
interference, which at one time was considered the 
big bugbear, but from the standpoint of the power 
system itself, and so Mr. Skinner’s paper is especially 
interesting at this time. The use of the tertiary delta 
and the solidly grounded neutral, _ together with the 
proper distribution of reactances in the transforiner 
between the various windings has been the solution 
which has been arrived at of the problems which were 
present and which a few years ago were worrying 
engineers who had to make these interconnections. 
The advantage of using the auto transformer for 
connection of a 220-kv. system of lines to a 110-kv. 
system of lines in which case the 220-kv. and the 
llO-kv. systems may be part of the same system, 
consists very largely in the reduction in cost of making 
this interconnection. At the same time at points of 
interconnection the presence of the tertiary delta 
makes comparatively simple the application of syn¬ 
chronous condensers for obtaining the regulation of 
the line. Mr. Baum pointed out in his paper the 
necessity for the use of synchronous condensers in 
order to get regulation at the end of the line. He 
also called attention to the desirability of considering 
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the line as divided up into sections with each section 
provided with a synchronous condenser so that at the 
points along the line the voltage is kept within reason¬ 
able limits. . In applying the synchronous condenser, 
however, it must be borne in mind that the no-load 
condition is important as well as the full-load condition, 
and I think that in Mr. Imlay’s paper the schemes which 
he mentions as having been prepared by Mr. Thomas, 
of using two conductors or possibly three conductors 
suspended from one string of insulators, is perhaps open 
to criticism because of the no-load condition. The 
charging current of the line is very greatly increased 
and the amount of leading current to be supplied by 
condensers is increased. A synchronous condenser 
as normally designed will take somewhere in the order 
of 40 or 50 per cent of its zero power factor leading rating 
at zero power factor lagging, and, therefore, if the 
synchronous condenser is called upon to supply a very 
krge amount of leading current, which means it has 
to take a large amount of lagging current when the 
line is lightly loaded it may be unnecessarily large 
when the line is carrying full load. Therefore, the 
application of the condenser for the regulation of the 
# account. As to the division 

of the lme into sections. I believe it is going to be a 
necessity not only because we do not want the middle 
pm of the line to be raised in voltage considerably 
ends of the line, but also because of the 
ettect of reducing or eliminating the tendency toward 
resonance to third harmonics, which is brought about 
by such subdivision. I believe that with a line cut 
up into 150 or 200-mile sections, the possibility of 
resonance to third harmonic is practically eliminated. 

i.. H. Burnham: In connection with the Peters- 
hkmner paper. Fig. 3, in reference to “Limitations 
impos^ on Grouping of Windings” applying to pr imar y 
secondary, and tertiary, Mr. Skinner has stated that 
m single-phase concentnc-coil core type of transformer 
construction there are two ways in’ which the three 
Windings, primary, secondary and tertiary may be 
arranged with respect to one another; and that the 

in normal reac- 

tance between primary and secondary, and between 

betZl^nm"^ tertiary, but in very high reactance 
mween primary and tertiary due to the greater sepa- 

coSht-wJ^mT advised that in a three-phase 

concentnc-coil core type transformer, there is no al- 

reactance between 

one pair of windtngs inasmuch as all the windings for 
one phase are on one leg.^ wmumgs lor 
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I would like to state that in addition to the methods 
shown in Fig. 3, there are several other coil arrangements, 
applicable to the concentric coil core type transformer 
which may be, and in fact are now being used for ad¬ 
justing the reactance, over a wide range, between the 
various windings. The particular arrangernent used 
will depend upon the requirements of the individual 
design. 

In a core type design, it is also possible to interlace 
the three windings, primary, secondary and tertiary, 
in exactly the same manner as proposed by Mr. Skinner 
for the shell type transformer, shown in Fig. 4, and 
obtain any amount of interlacing of windings for ad¬ 
justing the reactance between the various windings. 
High or low reactance may be obtained as desired. 

Therefore, by using the proper coil arrangernent, 
it is not necessary in the core type transformer, either 
single-phase or three-phase, to submit to high reac¬ 
tance, between one pair of windings, as balanced re¬ 
actance, if desired can be obtained between all pairs 
of windings. I will say also, that these results can be 
gotten without excessive eddy loss in any part of the 
winding. 

In reference to the arrangement shown in Fig. 3b, 
I do not believe that this should be considered, as it 
would not be good design practise to follow. 

M. E. Skinner: I will accept Mr. Burnham’s 
criticism to the extent that the paper should probably 
not have referred to there being only two methods of 
coil arrangement possible with the concentric core 
form of construction. The thou^t behind that state¬ 
ment was that in the core form of construction when 
used for high voltages there are great difficulties in the 
way of insulation between windings when it is necessary 
to get from the inner shell to the outer shell and I 
presume that the methods to which Mr. Burnham 
refers to will involve some such interlacing between 
the inner and outer shell, or, perhaps he refers to 
the interleaf core type of construction which is really 
in effect a shell type transformer with the cruciform 
core and circular coils. I do not believe that this type 
of transformer is applicable to the extremely high 
voltages which are being considered for long distance 
transmission lines today. o 

J. P. Jollyman : A short time ago the Pacific Gas & 
Electric Company was faced with the problem of pro¬ 
viding for the transmission ultimately of some 500,000 
kv-a., most of it to be transmitted a distance of from 
200 to 260 miles. As Mr. Baum has stated, the ques¬ 
tion came up as to the voltage to be employed. Studies 
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were made of the characteristics of circuits of different 
voltages, of the efficiency of such circuits, and of their 
probable costs. 

If we take a circuit of a certain specified length such 
as 200 miles and 60 cycles. Fig. 9, the frequency being 
fixed by the requirements of the community, and study 
their characteristics the first thing we find is that the 
capacity of a single circuit increases with the square 
of the voltage. The reason for that is this,—^the 
amount of current that can he put on the line is de¬ 
termined by the reactive drop in that circuit in per 
cent of voltage at the generating end or at the receiving 
end, whichever you make reference to. Therefore, 
as the voltage goes up the per cent of reactive drop 



CIRCUIT CAPACITY IN THOUSANDS OF KILOWATTS 
0 4 8 12 16 

PERCENT POWER LOSS' 

0 14 28 42 56 

ORDER OF COST IN DOLURS 

Fig. 9—Characteristics op 200-Mii,e, 60-CTcr.E Circuits 

over the line that is permissible remains the same but 
the actual reactive volts increase. The reactive drop 
is created by the flow of current, therefore the current 
that may be transmitted at a higher voltage may be 
increased with the voltage. If, therefore, the current 
and voltage both increase witih the voltage, the kw. 
that may be transmitted increases as the square of 
the voltage. At 110 kv. the power that may be trans¬ 
mitted over one circuit, is 30,000 kw.; at 220 kv; this 
becomes 120,000 kw. That, is not the absolute maxi¬ 
mum but is a convenient point for comparison. Now, 
let us see what happens if you double that voltage 
again, assuming it can be done some say, at 440 kv. 
the capacity goes up to 480,000 kw. and that was all 
the power we had to transmit. Obviously if it has been 
deemed feasible it would not have been wise to have 
entrusted the entire output to one circuit, an amount 
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of power practically twice the entire load of the present 
system. The next question considered was relative 
costs and efficiencies. Now it was found that the 
cost of this 220Tkv. circuit was roughly twice as much 
per mile as the 110 kv., with a capacity four times as 
much. The cost per kw. transmitted is only half as 
much. It was also found that with the conductors 
chosen in accordance with Kelvin’s law, or based on 
the application of Kelvin’s law, that the actual power 
losses decreased as the voltage went up. The per 
cent loss in transmission at 110 kv., was aboht 16 per 
cent, at 220 kv. it is about 8 per cent, at still higher 
voltage it would be less in per cent. It was, therefore, 
seen that somewhere around 220 kv. would be the desir¬ 
able point if it could be accomplished. One other 
consideration—the charging kv-a._ of a circuit of fixed 
frequency and length increases with the square of the 
voltage and is, roughly, for 60 cycles and 200 miles, 
about a quarter of the capacity of the line. For opera¬ 
ting reasons it is very convenient, probably necessary, 
that the generators of the larger plants should be suffi¬ 
cient to charge one circuit to full voltage at the receiv¬ 
ing end. It is probable that it will not always be so 
operated, but it is a very desirable thing. To do 
anything else is probably going to be very slow. 220 kv. 
at 200 miles requires a generator of approximately 
35,000 or 40,000 kv-a. to handle the circuit conveniently. 
If we go on up, consider what would happen if we would 
double that voltage. The generator capacity would 
have to be 150,000 kv-a. Such machines have not 
been .developed or even proposed, and even at 330,000 
kv. the charging kv-a. becomes so great that no gener¬ 
ator ever proposed could handle it for 200 miles. It 
was deemed that 220 kv. was probably the greatest 
advance beyond the present 150 kv. that was con¬ 
servative at this time. It was also found that the 
construction of such a circuit, its cost and losses, fit 
in very nicely with the proposed development. The 
entire load in this project can be carried over three 
circuits of what will probably be two 2-circuit lines 
ultimately, thus giving the benefit of a spare circuit. 
As a matter of fact it will be many years before we need 
to pass beyond the present construction of a two- 
circuit line. The 220-kv. line may be considered as 
comparable with a well equipped double track railway 
circuit. It cap handle a lot of traffic. To attempt_ to 
give much more would be equivalent to attempting 
to increase the gauge of your main railway line, putting 
on cars of extra large capacity and locomotives of un¬ 
heard of size. This is beyond the economical require- 
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ments of present day traffic and beyond the economic 
possibilities of present day construction. 

If I may take a moment I would like to give an anal¬ 
ogy that I have given of the action of s 3 mchronous 
condensers. I put it this way, that a transmission 
line is something like a shaft supported on a bearing 
at one end and transmitting power from a pulley at 
the other end. The amount of power that such a 
shaft can transmit is largely determined by the bend¬ 
ing of the shaft. As the belt pulls against the unsup¬ 
ported end the energy is transmitted by the torsional 
strength of the shaft but the limit df that energy is 
the bending of the shaft rather than the twisting. The 
synchronous condenser is equivalent to an outboard 
bearing that holds up the shaft and permits it to operate 
in torsion. This is a homely illustration of the action 
of synchronous condensers and indicates that they may 
be desirable in the center as well as at the end of 
very long lines. 

S. Barfoed: In laying out a 220-kv. system it is 
necessary not alone to consider the electrical features; 
we must also consider the powerful production end of the 
scheme. In our particular case we generate power 
hydraulically, and I will go so far as to say that even 
the design of the headworks must have reference to the 
insulator you choose for your transmission line. The 
hydraulic transmission system has losses and surges 
each of which will effect the regulation of the line if 
not carefully handled and will be reflected in choice of 
insulators and conductors and therefore also the sup¬ 
porting towers and their foundations. The problem 
then is to coordinate all these various details into one 
harmonious whole. 

We have heard proposed a transmission system 
whereby you would transmit by direct current through 
conductors drawn through oil pipe lines. This in 
order to overcome trouble from inductive interference 
with communication circuits. Now, as Mr. Baum has 
told us, the application of the synchronous condenser 
at intervals along the line and at the receiving end will 
perrnit the desirable feature of constant voltage trans- 
rnission. This is done by automatically controlling 
the total receiver power factor through synchronous 
condensers, or the power factor at points along the line 
where condensers were installed. With d-c. transmis¬ 
sion the interconnecting link between transmission 
line and distributing system is cut off preventing 
constant potential transmission, leaving the power 
fartor problem of the substation still on your hands. 

When it is considered, as Mr. Jollyman stated, that 
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we can transmit 150,000 kw. over one circuit, it is nec¬ 
essary that the engineer make it absolutely clear to 
himself that he assumes great responsibility because if 
this flow of power was interrupted even for one day, 
it would cause loss in prestige, loss in money, incon¬ 
venience to the public and thereby indirectly affecting 
civilization. It goes to show that your civic commu¬ 
nity, your state, your country is also affected. Some 
day it may be that through the general transmission 
of power in this way the very philosophy of life will 
be influenced. 

Mr. Fortescue: I want to emphasize one point 
brought out in Mr. Gilchrest^s paper, i. e., the import¬ 
ance of low factory losses. If the factory losses in 
insulators are low it is an indication that all the pro¬ 
cesses are well taken care of, in other words, that the 
drying is thorough, that the insulator is being carefully 
made and that the material^ is uniform. It is a very 
good criterion of the quality of the manufactured 
product of porcelain if the factory losses are low. Re¬ 
ferring to Mr. Peek^ s paper. M r. Peek says that no 
third harmonics or the multiples^ can appear on the 
line due to corona. This would indicate that corona 
is of symmetrical character. There are some very 
interesting energy transformations in these corona 
actions. We all know, of course, that the energy must 
come from the generator. It is transformed through 
the action of corona from the fundamental frequency, 
and part of it may be actually generated by the Pro¬ 
duction of rotating fields in the armature. ^ Another 
point we have to think of here is this, that in connec¬ 
tion with corona the size of conductor and the voltage 
are such that the corona is of a negligible quantity, and 
I want to assure our telephone friends that this corona 
feature is not to be considered seriously in the matter 
of inductive interference. There inay^ be some cases 
in which corona has been a factor in inductive inter¬ 
ference. We have cases I know of in which a slight 
reduction in the voltage has made a^ very great im¬ 
provement in the interference and which we have not 
been able to attribute to any improvement m the 
magnetizing current of the transmission. Of course 
some lines are not designed as carefully as they might 
be, in which case the corona will be a factor. 

I want to point out to Mr. Creighton that the 
impregnating of a body conglomerate like cement 
takes away its conductive value, it becomes a compound 
insulator and it may take years before the effect of the 
high internal stresses and thin layers of ip.pregnated 
material surrounding the conducting portions of the 



1278 


ELECTRIC STRENGTH OF AIR 


[June 


cement will show any deterioration. It is quite possibl ^ 
that there will be some chemical action with the hiffl^ 
int^nal electric field. In connection with the general 
problem of transmission of 220 kilovolts, I want to 
point out that in the actual line problem, the method 
^ amount of power that can be tranS" 

mitted, etc. is well known. There is one form of 
diagram which I have found exceedingly useful th.o 
dia^am suggested by Mr. Dwight of the Canadian 
Westmghouse (power circle diagram). With that 
uiagi’am you can make your sending voltage what yon 
please and the receiving voltage what you please- 
f[ou can draw up a series of circles which represent 
various receiving voltages and obtain quickly the 
limits of power demand which can be transmitted With, 
each receiving voltage it is shown that there is a very 
clearly defined zone in which the conditions are un- 


Now as to the synchronous condenser: I want to 
point out that the synchronous condenser on a trans¬ 
mission line IS not the same as loading. In the con¬ 
denser regulation of the line you keep your voltage at 
the condenser constant and you supply either negative 
reactive power or positive reactive power just as re- 
quired, and it is an entirely different thing from loading: 
which primarily has to do with maintaining certain 
between line constants. Another thing- 
about the synchronous condenser is this; it is a con- 
deper and can be regulated for fundamental frequency 
only; for any other frequency it is purely an inductive 
impedance. The nature of the design of the synchron- 

sequence 

current, that is current flowing in the neutral wires it 
h^ very low impedance. Consequently if it is used 
with a, star bank of transformers with its neutral 
connected to that of the transformer, the latter may 
be operated wth the neutral grounded and the syn¬ 
chronous condenser will insure low impedance to ground 
cmrents. It would therefore tend to prevent any 

Ihe synchronous condenser therefore stabilizes not 
Hn? potential of the transmission 

I want to point out in connection with the trans- 
fomer problem, a problem that one might say is very 

little tfouble^^ A few 
minor things come up from time to time such as me- 

sho?t'^circutt™^T®^‘^‘®‘^-^^-“ destruction from 

short circuit. In considenng short-circuit conditions 

It IS necessary to be able to figure out the short-circuit 
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current with a fair degree of accuracy because of the 
mechanical stress caused by it. Every mechanical 
support introduced is simply an added expense, so it 
is a good thing to have a method of calculating 
short-circuit current at the end of the transmission 
lines and interconnected systems thoroughly worked 
out. I want to agree with Mr. Peek in saying that the 
220,000-volt system is going to work out all right. We 
are not going to have very many troubles and the 
insulator problem will be worked out, and I think the 
factor of safety will be really higher than on say the 
present 150,000-volt systems. In 1913 I had some 
testing transformers made which were designed tor the 
Inawashiro Power Company for. testing the trans¬ 
mission lines, they were normally rated at 300 kv-a. 
One of the conditions of this proposition was that these 
transformers should operate at their normal rating lor 
two days continuously. We operated these trans¬ 
formers under normal load at 350,000 volts above 
ground for a week, and after that they were tested 
Igain for a half hour at 450,000 volts. Of course that 
doesn’t appear to be a great factor of safety, never¬ 
theless it shows that transformers can be operated at a 
very high voltage above ground for considerable 
periods and since the insulation problem of the trans¬ 
mission line is only slightly different m character t^om 
that of transformers, we can say confidently that th^® 
is no question but that the proper solution will be 
arrived at. 

A. H. Lawton: J. H. Foote, of the Consumers 
Power Company, who, with Mr. Lewis, conducted the 
tests on which the latter’s paper is based, has prep^^ 
a written discussion which will later be printed, ine 
obiect of his discussion is to urge that further consid¬ 
eration be given to the investigation of corona losses 
between the limits of the disruptive critical voltage and 
the visual critical voltage, as there is a large discre¬ 
pancy between the calculated and the actual losses 
within that range. ■ 

As an illustration, if you will refer to Fig. 17, and 
Table XXII you will observe that for the delta 
connection of transformers the actua,! corona losses 
are only about 60 per cent of t^ calcifiat^, and if 
you will refer to Fig. 20 and Table XXIV which 
test was made with Y-connected transformers, you will 
observe that the actual corona losses are only about 
30 per cent of the calculated. This discrepancy would 
seem to be larger than reasonable. ,, . ' 

We consider the matter of considerable importance 
for those companies having moderate amounts of 
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power in the order_ of 30,000 kw. to be transmitted 
distances of a,pproximately 100 to 200 miles, and we 
sure but that in the economic consideration 
pt lines of this character a certain amount of corona 
loss may not be found justifiable. ouiona. 

Livingston P. Ferris: I wish to correct a mis¬ 
apprehension or misunderstanding of some of the 
speakers who preceded me. I can assure you that I 
know of Po pessimism bn the part of telephone engineers 
m regard to 220,000-volt power transmission, or in¬ 
deed a higher voltage if such should prove advantageous 
m power work; no pessimism, of course, as to the 
success of the system from the power standpoint and 

ability of engineers to solve any 
interference problems which may arise. 

matter of corona, which Mr. Fortescue 

to the''effe/ts''n? that we are not timid as 

to the effects of corona and I agree with him that 

corona does not now promise to be an important factS 
in interference. As I_ endeavored to point out yester- 
day, It seems a possible future factor but is not at 
present serious So far as the future go^it doefnot 
look a probable source of interference because power 
engineers assure us it is bad practise from tS IZtl 

a line above the corona voKage 
SO if that IS taken care of, there is no reason to exrypnt 

lines 

express an opinion that corona was a factor in fha 

I nndeietoJd 

sourcP nf the important 

urce ot triple harmonics in contrast to transform pr? 

Stf I think thStofaS 

lacts or the case are just the opposite that is simb 
prSallv Ifl harmonics coiiies in ' 

from srzs tit t 

.“^satisfactory from the interference stand 
The 
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producing triple harmonic residuals. The addition 
of a tertiary delta reduces these and is, therefore, 
beneficial, so again we have no real difference of opinion. 

M. E. Skinner: I would like to say a word m 
renlv to Mr. Ferris’ comment regarding the relatpe 
chances for the transformers or the transmission line 
corona loss being a source of triple frequency, i am 
not mean to state by any chance that the corona was the 
most probable source of telephone interference, out if it 
is Ssumed that triple frequency or high frequency do 
cause interference, then it seems to me that evidence 
presented in Mr. Lewis’ 

Sie corona loss is the more probable source of tro^ 

I do not think that the evidence can be disputed in 
spite of the slight inconsistencies by the 

change of capacitance mentioned by Mr. Lewis. 

Livingston P. Ferris': The conditions under whim 
Mr. Lewis’ tests were made and which 
these prominent third harmonic neutral ®urre^s, 
were not practical conditions undeir which t - 
Son lines operate but test conditions chosen 
S eSggUte the corona. Mr. Lewis f commends 
verv strongly against that condition of operation, 
so does Mn Peek, and from cases which have arisen 
in the nast taking the whole field, the source of inter- 
ference^of triple harmonic frequencies has, in general, 
bS fte taiSformens and I know ot no case of 
ference due to corona. If there is, it is ^ not wiae 
snread enough to make it comparable m importance 
S the haisformer as a source of triple hamonic^ 

T would agree with Mr. Skinner if lines were operated 
in nractitf as Mr. Lewis did in these tests for then 
undoubtedly exposed telephone lines would be su - 
iected to much interference from this source; l^ut in 
view of past experience and present strong recommm- 
dmions against that method of operation I don t 
believe we can say corona is the more important source 
of interference compared with transformer. 

C L Fortescue : I understand Mr. Ferris en¬ 
dorses the Y y-connected transformer with tertiary 
winding I would like to know whether he ^so e 
domi ^th/3 phase core type Y Y-connected trans¬ 
former. Ferris: Mr. Fortescue says I 

y y SSormer with tertiary ddta- 
!l ”in Smparison with the y y fanf mer ™thou^ 
tertiary delta. In preference, however, to ™e r Y 
SS?nner with tertiary delta, the "to Y 

clvLection Hives less triple harmonics, than the Y Y 
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with tertiary delta, for the tertiary delta usuallv ha, 

S win nire ba?k and fhere! 

tore, will not, m general absorb so much of the trinlp 

ImSSce^to^tSVnh^'''*^ ™P®dance delta, 

in reierence to the 3-phase core type Y F-connepfprl 

Snriri5lA“>' “ rialTe p“ 

harmonic neutral and residual cur- 

cas2’ mav^"n(It^^^ transformer in particular 

not have any advantage over the shell 
type or thr^ single-phase units. This is due to thp 
comparatively _ large m_.m.f. of the triple harmonic 

frequencies which exist in phase in the three legs of the 
core and produces a leakage flux through the air 
space and case of the transformer. This flux induces 

“ “• ^ neutral grounded gives 

b-jle harmonic currents in the line. R-om thS’ stSn? 

So ^^^/antageous, therefore, to have a tlrSarv 
delta on the transformer, even if it is of S core 

M/’Peek and^M^^^.|ooking over the papers of 

Sieii 

tnple-frequency booster and displace the neutral nSn? 
at the proper times so as to baknce the other eK 

niTthtoTri*'" aerlScr SI 

r p™' -EXTeS 

be .^ed andttosi imSfoLtebe^toS 'S 

llSSg kS si am‘S“ 

capacity. ' ' synchronous condenser 
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Livingston P« Ferris t DeltH coniiGcted tGitisxy 
windings are in some cases called for to reduce the 
triple harmonic currents and voltages which woind 
otherwise be produced in connected lines and thereby 
mitigate interference with parallel telephone circuits. 

It is gratifying therefore to note the increased useful¬ 
ness and importance of the device from the strictly 
power standpoint as evidenced by the paper of Messrs. 
Peters and Skinner. The effectiveness of the terti^y 
delta as a triple harmonic suppressor is controllable 
by the designer to a considerable extent, independently 
of its load capacity, though generally spea.king larger 
capacity may be considered favorable m this respect. 
The point to be emphasized, however, is that by skill¬ 
ful design the effectiveness of a relatively small wind¬ 
ing may be largely increased. I have no doubt this 
is fully appreciated by the writers. _ _ 

Mr. Peek’s experiments taken in conjunction with 
Mr. Lewis’s tests supply abundant proof that corona 
can and does under certain conditions, give rise to 
triple harmonic neutral current in high-voltage trans¬ 
mission lines. . 1 1 

What is meant by “amplification of slight residual 
triple-frequency excitation voltages of delta-Y transfor¬ 
mers by the high capacity of the line, _ a st^ernent which 
occurs in the third paragraph of Mr. Peek s paper s 
On the second page of the paper a similar reference is 
made to “amplification of residual triple-frequency 
magnetizing voltage harmonics in delta-Y trans¬ 
formers’’. Another reference to “amplification of 
harmonics” is made on the third page of the paper. 
This time it is corona harmonics amplified by transfor¬ 
mer reactance. Are these references to resonance or 
some other phenomenon? , , „ . 

In Figs 4 and 11 Mr. Peek shows a line labelled 
“wattless component of high side current if capacity 
remained constant.” This in both cases is a straight 
line passing through the origin. Now it would seem 
nroper if there are harmonics in the voltage, which is 
admitted, that this curve of charging current should 
bend upward to take account of the increased, current 
which would result from the increas^ admittance of 
the line at the harmonic frequenci^. The difference b^ 
tween the wattless component shown by this straight 
line and the total wattless component is ascribed by 
Mr Peek to an increase in the capacitance of the line. 
It would be interesting to know how much of this 
difference might be accounted for with normal capaci¬ 
tance by the increased current of harmonic frequencies. 
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inspection of the oscillograms given in 

thil'^ v!l^ ^°’'i9^^®i?^s the statement is made that the 
third harmonic will be the most prominent of tho^e 
caused by corona. This will proba&y bftrue in mS 

conditions of resonance 
^ignt in some cases so favor the ninth oo 

tL^iith relationship and 

tne ninth might become more prominent in the neiifrjil 

c™t than the third. This howeveVcouW sS?cefv 

be termed amplification in its true sense. ^ 

nf apparent increase in the capacitance 

point it would be mr! 
ticularly interesting to have more complete data ai^ n 
discussion of the mechanism of the phenomenon Fw 

-TO® need not L compSed bf I 

consideration of a three-phase line, wMch was ^of 

primary purpose of Mr. Peek's 
study, but it might be reduced to the simplest single nb«< 3 p 

mg a conductor under corona conditions and a mm., 
parison with the normal field would be pertinent* and 
perhaps also experiments over a range of fundamental 
frequencies. Presumably a change in leaSe aTw 
of that portion of the medium LmedSelf aSacen 
to the conductor, must take place before or sS. 

seSn^ttltTh^ “ capacitance. It would 

SeSeSid*^««l T enormously in- 

jeased and still have the copper surface of the rnn 

radtT ^ boundary at which a large change fn 

SaIk MTp£>vl \ connection I 

would ask Mr. Peek how he uses the term “conductor ” 

James H. Foote (by letter): Referring to Mr 
w!”r comparing calculated and test cor^a 

loss results, it is, of course, easy to find dScrenaS 
which at first fought tend to discredit the test results 
since values obtained by the use of a formula basid on 

cSSni ‘^ItSfd are ’naturally 

The Results of these tests indicate that for a linp 
having the physical characteristics of this particular 

1. The tested corona loss (and even the total tested 
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the critical disruptive 
voltage eo and the visual corona voltage is usuallv 

Thl« calculated by the standard formulas, 

the portion of the corona loss curve which is 

thaTtested ^ transmission line similar to 

2. The shape of the loss curves for the delta tests 
differs consistently from the shape of the curves 
obtained from tests when Y connect^ 

Such consistent deviation from the calculated loss 
curves^ causes_ doubt as to whether provision for all the 
conditions existing in the case of a line such as that 

fSSulaf ™ usually accepted 

It w^ such a doubt entertained by the Consumers 
vower Company based on the indications of various 
tests and opiating data which dated back to tests by 
iiaaaA Company on the Croton-Grand Rapids 
110,000-volt line in 1908 that prompted the conducting 
of the tests which are the subject of the paper. Fol¬ 
lowing up these same consistent deviations, Mr. Lewis 
h^ pointed out some absolutely new considerations in 
the matter of the quantity of corona loss which may 
be expected on some practical transmission lines. 

Thus, as pointed out in the paper, a formula may be 
cwrect for sets of conditions similar to those upon 
which the formula was based and still not apply with 
accuracy to a line differing greatly from, that used in 
deriving the formula. In fact, the tests with Y con¬ 
nection do not even approximately check the formulas 
below the visual corona voltage. 

In the comparison of calculated and test losses of 
test No. 10, which may be taken as representative of 
the tests with delta connection, Mr. Lewis has made a 
tabulation in Table XXII, showing segregated losses, 
net tested corona loss and calculated corona loss. An 
mspection of the comparative corona losses given in 
the last two columns and plotted in Pig. 17, would lead 
one to believe that possibly there are yet losses other 
AX?”;. corona present in the tabulation of 

^ JMet Corona Loss^', as indicated by the slowly ascend¬ 
ing curve of these losses below the calculated value of ep- 
Even with this adverse indication, the test corona 
loss over the range of voltage for which the line is 
designed; n^ely, 120,000 to 140,000 volts, averages 6.6 
kw. per mile against 11.0 kw. per mile calculated, 
the latter being, therefore over 65 per cent greater than 
the test values indicate. 

In fact, the calculated corona losses for this range in 
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voltage average slightly greater than the total measured 
losses at the generator. 

When comparing calculated and test values for the 
Y-connection tests, still greater discrepancies are evi¬ 
dent. 

Referring to Table XXIV and Fig. 20 where are 
showai details of test 42, it is seen that the calculated 
and test values of eo coincide and that for 20,000 to 
30,000 volts above this value (using the values for 
average line voltage given in the table and not the un¬ 
corrected voltage shown on the curve) the test corona 
loss is very noticeably low as compared to that cal¬ 
culated. 

For instance, at the average full-load line voltage 
which is about 132,500 volts, the test loss is less than 1 
kw. per mile, while the calculated value is over 3.6 kw. 
The corona loss at the receiving end of the line with a 
voltage in the neighborhood of 120,000 to 125,000 
volts would average about 0.3 kw. per mile against 
slightly over 1 kw. per mile calculated, and the loss 
at the generator end of the line with 140,000 volts po¬ 
tential would actually be in the order of 3.5 kw. per 
mile instead of the 6.3 kw. or thereabouts as calculated. 

The point is simply this: That even’though the test 
results may be inaccurate to a considerable degree, 
which may or may not be true, it is very evident that 
differences as great as shown above are not easily 
brushed aside when the economical design of certain 
t5p)es of transmission lines is being studied. 

The paper states that a transmission line should be 
• so designed that under normal conditions no corona 
is present. This may be economical in many cases, 
but in the design of such lines as are required on the 
system of the Consumers Power Company and other 
■similar systems, it can be shown that a moderate amount 
of corona is economical and can be justified, just as 
can other kinds of transmission losses. 

When studying the economics of corona loss, it 
should be remembered that: 

1. The voltage usually decreases in value from the 
generator to the receiver, so that there may be corona 
loss at the generator end and not over the entire line. 
This is a very pertinent point and should not be over¬ 
looked. 

2. The load factor of the line has an important bear¬ 
ing just as in the case of transformer core loss. 

3. The total quantity of power to be transmitted 
is also an important consideration. 
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4. The weather conditions prevailing over the enitre 
year must be studied since the loss in cold weather 
IS very much less than in warm months of the year. 

0. Ihe cost of various construction materials as well 
as labor must be considered. For instance, in determin- 
ing the size of conductor required to reduce corona 
OSS, II the conductor size is increased, the tower cost 
IS also increased together with the labor, freight, cartage 
overh^ead, etc. Also a point may be reached, and in 
tact has been reached by the latest Consumers Power 
t^^ompany s lines when an increase in conductor size ne- 
cessitates either a stronger and more expensive strain 
insulator or _ the installation of two of the standard 
insulator strings in parallel. This may cause a serious 
increase in cost per mile of line, should there be manv 
angles in the line. 


. Of course, a composite conductor is often used to 
increase the conductor diameter, but the saving in 
corona loss should be balanced against any excess costs 
which there may be incident to its use. 

After a study of these and other considerations which 
will present themselves, the total annual kw-hr. loss 
corona, as determined from the best information 
at hand must be evaluated to determine whether or 
not conductor sizes or voltage conditions can be 
economically changed. 

Of course,_ all such studies must be based on assump¬ 
tions that will average from year to year and may vary 
lor different lines on an interconnected system, so 
that compromises- must be made, but we consider it 
feasible to make such studies and to decide on a stand¬ 
ard voltage, conductor, and spacing to suit average 
conditions. 


To sum up: it is believed to be good engineering 
to allow some corona loss to exist on at least the higher 
voltage portion of many transmission lines during at 
least a portion of the year. 

consideration allows this company to employ 
140,000 volts as the initial voltage on a No. 0 30-cycle 
(or No.OO 60-cycle) transmission line, whereas 102,000 
volts would be the limit if the summer value of 
were not to be exceeded. Or, to put the problem 
another way, greater than a No. 0000 copper conductor 
would be required if 140,000 volts were to be used and 
Co not exceeded. The reduction in voltage to 102,000 
volts would reduce the load ability of the line almost 
50 per cent, and the increase in conductor size increases 
the load ability almost 100 per cent; either expedient 
failing to meet the desired unit size of transmission line 
(in this case 25,000 kw.) which had been selected as 
most desirable for this company's condition. 
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Looking at the corona loss proposition with all these 
considerations in mind, it is very evident that the 
accurate determination of power loss values between 
e„ and may often be of very great practical importance. 

Gordon Cameron (by letter): On page 1122 ot 
the Elden paper a paragraph begins with the words 
‘^Violent fluctuations on both systems/^ etc. I suggest 
that the most violent or dangerous of such disturb¬ 
ances could be damped out without cutting the 
two systems apart by the use of a reactance_ in 
the tie line arranged to be normally short-circuited 
by an instantaneous trip overload circuit breaker. 
The circuit breaker would be specially speeded 
up so [as to operate rapidly enough to prevent 


Low Voltage Relay) L 


; D.C. ControlBus 
--Reactance 


closes contacts 
on low vo ltage ) i^—L 

Auxiliary Switch! 
opens when breaker/ 
closes but withN 
delayed action/ 


nmS^ 





Tripping 

'Transformer 


-Trip Coil 
Closing Coil 


Fig. 10 



system disturbances from spreading to the adjoining 
system. Upon opening of the circuit breaker it would 
be held open, until the systems became normal again, 
by the use of a low-voltage relay connected across the 
reactance and arranged to close the closing coil circuit 
of the circuit breaker when proper conditions were 
reestablished. A low-current relay in series with the 
reactance would answer the same purpose as a lo.w-voltage 
relay. It would be necessary to provide an auxiliary 
switch on the circuit breaker with a delayed action on 
closing the circuit breaker. See Fig. 10. 

On page 1125 in the same article mention is made of the 
difficulty in changing tap connections on the high- 
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tension side of the transformers. I suggest that trans- 
fopers with 66,000 and 60,000-volt taps be used, each 
set 01 taps _ permanently connected to a three-pole 
non-automatic circuit _ breaker. These two circuit 
breakers would be electrically operated, remote control, 
with electrical interlock so that only one could be closed 
at a time and so that practically instantaneous transfer 
could be made from one connection to the other. 
See Fig. 11. 


H. L. Wallau (by letter): The transmission prob¬ 
lem m the larger industrial centers is of a different 
nature from that usually visualized when high-tension 
transmission is spoken of. 

these cities the problem resolves itself into finding 
suitabl© loca-tions for two or more power plants, which 
are developed to as large a size as consistent with local 
conditions and must then be tied together through 
transmission lines of moderate lengths. 

The great size of the units installed in these plants 
requires tie lines of high capacity in order to transfer 
energy from one to another in case of breakdown or for 
reasons of economy and the difficulty and expense of 
securing right-of-way for high-tension lines makes it 
advisable to use as high a voltage as is reasonably 
practicable. 


Service requirements demand that the voltage of 
both generator and incoming line busses be equal and 
in phase so that the supply may be distributed from a 
common bus which involves the use of regulative 
equipment of some kind. 


short lines dealt with the capacitance is 
negligible and the synchronous condenser capacity 
required is, therefore, relatively larger than on long 
lines. 


The solution adopted by the Philadelphia Electric 
Co. provides a very effective way of meeting the re- 
quirements of the case and is worthy of close study by 
engineers of other companies who may be facing a 
similar problem. 

R. G. McCurdy (by letter): In connection with 
the paper by Messrs. Peters and Skinner on three- 
wmdmg transformers, it is of some interest to consider 
the. effect of the disposition of the windings on the 
division of triple-frequency exciting currents among 
them_. It is highly desirable, when two sets of the 
windings of a 3-phase bank of such transformers are 
connected in Y with neutrals grounded and with the 
third windings connected in delta, that as large a 
proportion as possible of the triple-frequency exciting 
currents be carried in the delta winding. Since the 
division of current depends upon the relative 
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impedances of the three windings to triple-frequency 
currents, this requires that the impedance in the 
tertiary delta be as low as practicable. 

From this standpoint the construction shown in 
Fig. 3a of the authors’ paper is of particular advantage. 
Since the tertiary winding is next to the core, its im¬ 
pedance to the triple-frequency currents is a minimum, 
and if the secondary and primary windings are con¬ 
nected in Y with neutrals grounded, the triple-fre¬ 
quency currents in their neutral connections will be 
comparatively small. The construction shown _ in 
Fig. 3b will result in a considerable increase in im¬ 
pedance in the tertiary delta and a corresponding 
increase in the currents in the primary and secondary 
neutral connections. 

As pointed out by the authors, the drawback to the 
construction shown in Fig. 3-A is the inequality in the 
leakage impedances between the various pairs of 
windings, which results in an unsymmetrical regulation. 
This might be avoided to some extent while preserving 
the advantages of having the minimum impedance in 
the tertiary winding to triple-frequency currents, by 
dividing the secondary or primary winding into two 
parts with the primary or secondary between, as the 
case may be. This would result in approximately 
equal impedances between primary and tertiary and 
secondary and tertiary but in an impedance between 
primary and secondary less than either of the other 
two. This would not be disadvantageous, however, if 
the tertiary winding were of a lower kv-a. rating than 
the primary and secondary. An advantage of this 
form of construction is that the impedance to triple- 
frequency currents in the tertiary delta is, within lirnits, 
independent of the kv-a. capacity of the tertiary 
winding. 

Considering the shell type transformer with the 
windings of equal kv-a. capacity disposed as shown in 
Fig. 4 of the authors’ paper, the impedance to triple¬ 
frequency currents in the three windings are ap¬ 
proximately equal. The impedance in the tertiary 
delta would be very much greater than in the case of 
the core type transformer discussed above. Consider¬ 
ing two banks of equal kv-a. rating and similar magnetic 
characteristics, one of core type constructed as in Fig. 
3a or in accordance with my suggestion above, and the 
other of shell type as in Mg. 4, the triple-frequency 
currents in the primary and secondary neutrals would 
be several times as great in the latter as in the former 
case. 

A form of construction which would avoid this 
difficulty with the triple-frequency currents and still 
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approximately fulfill the conditions of equal impedances 
between the three sets of windings, would be one in 
which the tertiary winding consisted of a cylindrical 
coil next to the iron, with the primary and secondary 
windings consisting of a number of pancake coils 
applied outside of the tertiary winding. By adjusting 
the space between the tertiary cylinder and the prim¬ 
ary and secondary coils, any desirable value for the 
impedances between the primary and tertiary and 
secondary and tertiary, depending upon the kv-a. 
capacity of the tertiary, could be obtained without 
appreciably affecting the impedance between primary 
and secondary or the impedance of the tertiary to 
triple-frequency currents. 

D. I. Cone (by letter): The use of star-star trans- 
foi-mer or auto-transformer banks with grounded 
neutrals gives rise to important triple-harmonic re¬ 
sidual (earth-return) currents in the connected lines. 
A matter of great interest is the division of these 
triple-harmonic currents among the windings, and the 
effect of the tertiary delta in lessening their amount in 
the line circuits. 

As an example, consider the case cited in the Peters- 
Skinner paper, of a 35,000-kv-a. bank of 220 to 66 
kv., star-star transformers with 17,500-kv-a. in delta- 
connected tertiary windings at 13 kv. Assuming the 
exciting current to be 5 per cent of the full-load current 
and that 40 per cent of this exciting current is of third- 
harmonic frequency, the third-harmonic magnetizing 
current, with the delta-connected winding absent 
(or open) would be about 1.8 amperes per phase, if 
confined to the 220-kv. side only. Since these currents 
are in common time-phase, the total third-harmonic' 
residual current would be three times the above or 
about 5.5 amperes. If the third-harmonic magnetizing 
current'were confined to the 66-kv. windings and line 
only, this current would amount to about 18 amperes. 
Under ordinary conditions there would be third- 
haiTOonic currents in both 220 and 66-kv. windings, and 
their sum would lie between the two extremes given, 
the division of the current between the two windings 
being dependent upon the self and mutual impedances 
of the windings, the line impedance to the third har¬ 
monic, and the action of any other sources of triple¬ 
harmonic residuals in the system. A similar analysis, 
with much smaller current values, holds for higher 
triple-harmonic frequencies, such as the ninth. 

From the standjpoint of the triple-harmonic residuals, 
the tertiary delta acts as a short-circuited winding in 
each transformer. In order to determine the action 
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of the delta in redistributing the required triple¬ 
harmonic magnetizing currents, the self and mutual 
impedances of the several windings must be taken 
into account in a way closely resembling the procedure 
employed by the authors in considering regulation. 
Bearing in mind that a definite total third harmonic 
m. m. f. is required by the iron for a given sinusoidal 
induced voltage, a small third-harmonic induced volt¬ 
age serves to drive the required currents in the several 
windings. ^ 

Extending slightly the notation used in the paper, 
let 

Zsm = + j w Lmy the impcdance of winding m. 

Zmn = j w My the mutual impedance between windings 
m and n, 

Zi,m = line impedance connected to winding m. 

Em = induced triple-harmonic voltage. 

Im = triple-harmonic current. 

Reducing the various quantities to terms of one 
winding as reference, and using subscripts a, &, c, to 
designate the windings, the following equations may 
be written: 

Ea = Eh = Ec — la {Zsa Zi^a) Ib Zah + Ic Zac 

= laZab + Ib (Zsb Zi^h) + Ic Zbc 

= la Zac 4 “ Ih Zbc + Ic (Zsc + Zlc) 

Letting winding C be the tertiary delta, Zl. repre¬ 
sents impedance inserted in the corner of the delta. 
Usually Zlc = 0. If, as sometimes happens, one of 
the star connected windings and associated line has 
comparatively very high impedance so that the current 
in it may be neglected, the case becomes the same as 
a two-winding star-delta bank. Thus, assuming 
Zu large so that Ib = 0 the equations become 

la {Zsa + Zlo) + Ic Zac = la Zac + Ic Zsc 


Zsc — Zgc 
Zsa~ Zac + Zla 


Here it has been assumed that Zlc = 0 as discussed 
above. Thus by making the delta path of low im¬ 
pedance relative to the star paths, including the lines, 
the current in the line is lessened. The effectiveness 
of the delta in limiting the triple-harmonic residuals 
depends on leakage impedance relations within the 
transformer and on line impedances, and is not at all 
directly related to the capacity rating of the delta 
winding, 

J. B. Whitehead (by letter): The alternating 
corona begins at a definite value on the ascending 
voltage wave. It does not, however, terminate on the 
descending side of the wave at the same value of volt¬ 
age, as indicated in Fig. 2 of Mr. Peekes paper. The 
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corona continues down to a slightly lower voltage, 
doubtless_ owing to the large number of ions present 
and possibly to the slight elevation in temperature 
due to the corona. These statements apply to the 
visual corona. It is probable that ionization and a 
substantial conductivity continues even longer and 
therefore to lower values of voltage. I question there¬ 
fore whether the loss becomes zero and the capacity 
becomes normal at so definite a point as indicated by 
Mr. Peek. In fact, it seems probable that in a 3-phase 



Fig 12—Wave Form of Corona Discharge 
C orona Starts 36.7 volts 

Curve a 37.0 volts 

Curve b 41.0 volts 

Curve c 45.0 volts 


line the whole region surrounding the three conductors 
is in a naore or less continuous state of conductivity 
with intervals of ionization and replenishment on the 
crests of the waves where the voltage gradient rises 
above the critical corona forming value. Iii view of 
these facts it would appear that the line losses would 
be independent of the method of transformer connec¬ 
tion. On the other hand it is easy to see that in a Y- 
connected grounded neutral system the high conductiv¬ 
ity on the crest of the voltage wave lends itself im- 
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mediately to the amplification of the third harmonic 
current or any odd multiple thereof in the neutral 

The sharp rise of current during the continuance of 
corona may be seen from the accompanying curves, 
Fig. 12. These curves represent a true conduction 
cun^ent from a corona forming wire located on the 
apds of a metal cylinder forming the opposite side of the 
circuit. Wave forms were taken with a point by point 
method of the total current flowing to ground from the 
outer cylinder and of the capacity charging current 
to ground for a value of voltage just below that at which 
corona starts. The curves as shown are the differences 
between the two measured curves. All of the curves, 
and especially curve a which corresponds to a corona 
of very brief duration, show that the conductivity 
extends over a considerable portion of the entire cycle. 

R. J. C. Wood and H. Michener (by letter): 
There is no need at this period of electrical develop¬ 
ment to make any apologies for 220-kv. transmission. 
The quantities of power and distances of transmission 
involved in the State of California alone lead to the 
selection of at least such a voltage for economic reasons. 
There naturally are problems in connection with an 
advance from the existing highest commercial trans¬ 
mission voltages, the one most prominently under dis¬ 
cussion being the insulation of the line. 

The first consideration is to have sufficient air space 
between the conductor and the tower, or other grounded 
supporting structure, so that abnormal voltages that 
may occur in the line will not flash over. 

This is a matter of both distance and potential 
gradient in the air, and where clearances are small 
it may be necessary to enlarge the conductor where it 
passes by the tower. 

The safeguarding of the conductor having been 
attained, the insulating support must be put in. The 
consensus of opinion seems to be that the simple string 
of suspension insulators is unsuitable on account of 
the greater electrical stress upon the unit next to the 
line. 

220-kv. line the voltage across the No. 1 
unit Will be m the neighborhood of from 25 kv. to 28 kv. 
when using cap and pin insulators, depending upon the 
number of units in the string. It has not been proven 
that operation might not ^ be entirely successful with 
such unit stresses but it is generally felt that better 
results would be obtained if a more uniform distri¬ 
bution of voltage were to exist along the insulator 
string. A ^eat many tests have been carried out at 
btanford with the kind cooperation of Prof. Ryan with 
a view to determine suitable methods of improving 
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this voltage distribution, and further to investigate 
the path of the discharge when flash-over occurred. 

This work done for the Southern California Edison 
Co. in December, 1920,_ and January 1921, developed 
the fact that oscillator discharges at about 55,000 cycles 
could be controlled so as to be kept away from the string 
of insulators, and that a shield ring similar to that used 
in radio work would reduce the voltage across the No. 1 
unit from about 26 to about 15 kv. in a 14-unit string. 

This work was a continuation along the line of Prof. 
Ryan’s previous work described in his Portland paper. 

A further series of tests was made at Stanford in 
April of this year to confirm the earlier data and more 
particularly to determine the characteristics of a string 
of but 9 insulators with different forms of shields. 

Practically all the oscillator flash-over tests were 
photographed and compared with the corresponding 
voltage distribution curves. In those eases where the 
voltage across units decreased to a minimum, and then 
increased again towards the top of the string, there 
was cascading of the discharge over those units 
above the minimum point in the string, contrariwise 
where the unit voltage continually decreased from con¬ 
ductor to support there was not any cascading but the 
disch^ge occurred free of the string. 

_ This is understandable when it is considered that the 
discharge tends to follow the tubes of force and that an 
increase in unit voltages at any point in the string 
denotes an entrance of tubes of force into it. 

This action is particularly noticeable where a com^ 
posite string is used having units of low internal ca¬ 
pacity placed at the upper end. 

The ideal voltage distribution curve appears there¬ 
fore not to be one of uniform distribution but a slightly 
sloping straight line denoting a uniform decrease in unit 
voltage across the insulators in the direction from line 
to support. There is then a flux outward from all the 
insulators and a minimum tendency for the discharge to 
strike inward. 

To obtain such a distribution a grounded ring or 
shield may be put at the upper end of the suspension 
string where it serves the two purposes of stopping 
cascading and of keeping a power arc away from the 
upper insulators. 

To obtain a further check upon this condition, an 
insulated wire ring, of the same diameter as the shield 
rings, was suspended around the insulator string at 
different heights above the lower ring and its potential 
above ground determined in each position by the po¬ 
tentiometer method. The plane of the wire ring was 
perpendicular to the axis of the string and its center 
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coincided with it. The, potential of the air was thus 
determined along a line joining the upper and lower 
shield rings, it was found that the string potential 
was higher than the air potential from the No. 3 unit up. 

The No. 1 and No. 2 units were at lower potential 
than the air, see Fig. 13. the tubes of force are however, 
so divergent in this region that no striking in of the 
discharge is possible. 



Suspension Insulator String 

The reduction of the distribution cwve to a formula 
is very ingenious but of limited application, the distri¬ 
bution curve of the insulator string finally to be used 
on actual 220-kv. lines will differ very materially from 
that of a nearly unshielded string, and its mathematical 
analysis is liable to become too unwieldly for profitable 
use. 

A great deal of theory has already been developed 
for the multigap arrester which is applicable to the 
suspension string of insulators. 

Other methods of controlling the distribution of 
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voltage have been proposed falling into two classes; 
either bodies at line potential are put near the lower 
units in the string or else insulators of differing internal 
capacitance are used in different positions in the string. 

The latter method of using a graded string is open 
to the objection that it introduces a complication of 
parts and perhaps the employment of the wrong part 
when making repairs. In the practical maintenance 
of a line the use of but one kind of insulator is of advan¬ 
tage all the way from the insulator factory to the trans¬ 
mission tower. 

Among the methods employing conducting shields 
of all kinds of shapes and sizes there is one which is 
radically different from the others in that it has the 
metallic shielding devices covered by insulation. 

This enables a higher flash-over voltage for oscillator 
discharges to be obtained over the whole string than 
if the sjiield insulation were absent, at all events in 
dry tests: Under rain tests the advantages of this 
method are not so evident and in the event of any of 
the insulation upon the shielding arms failing, the 
results are no better than with bare metallic shields. 

Another method of keeping the flash-over voltage 
high is to keep the radius of curvature of the shielding 
device as large as possible. The advantage of this 
construction lies in its immunity from accidental 
destruction of its qualities. 

Part of the work done at Staiflord comprised voltage 
distribution when one or more insulators in the string 
had zero resistance, obtained by connecting cap and 
pin with a fine copper wire kept close to the surface 
of the porcelain. Oscillator discharges were also 
made over such faulty strings. 

For the sake of uniformity a standard set of condi¬ 
tions was arrived at, viz.: No. 2 unit (second from 
conductor) shorted. No. 2 and No. 3 units both 
shorted. Four top units all shorted. These tests 
were developed in order to detect and eliminate any 
system of distribution correction which might depend 
so entirely upon certain single insulators in the string 
that their loss might cause successive failures or dis¬ 
tress throughout the string. 

In February and March of this year experiments 
were carried out in the Southern California Edison Co.’s 
laboratory, upon model insulators mounted in a model 
of the Big Creek transmission line tower. The scale 
ratio being 1:7. These ejperiments were made at 50 
cycles with a 150-kv. testing set, the object oi the in¬ 
vestigation being to see whether the behavior of the 
50-cycle flash-overs differed radically from oscillator 
discharges. 
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The work was done in miniature in order to bring it 
within the range of the test set. 

These tests showed practically a linear relation be¬ 
tween the number of insulators in the string and the 
dry flash-over voltage within the limits of from 6 to 12 
units, which latter flashed at 117 kv. It was not ex¬ 
pedient to give a regular rain test as the pin of the 
insulator was fastened to the porcelain with glue. 
With soaking wet blotting paper on the top surface of 
the porcelain, but without any drip water, the flash- 
over _ voltage still increased linearly up to 11 units 
but increased more slowly from 11 to 14 units. The 
dry flash-over voltage of individual insulators averaged 
15.4 kv. It was while making these tests that the influ¬ 
ence of the upper shield ring was noticed in stopping 
cascades, it was also found to raise the flash-over value 
of the string although it reduced the clearance be¬ 


tween conductor and ground. It is hoped in the near 
future to make such tests upon full sized insulation 
and perhaps determine the electrical scale ratio as a 
function of the physical one. 

Through the hearty cooperation of one of the insu¬ 
lator factories it has been possible to make a further 
study of oscillator discharges at a frequency of 30,000 
cycles, and at the same time determine the flash-over 
voltage by sphere gap measurement. 

The bulk of this work was upon 9-unit strings with a 
few check tests upon 11-unit strings. Both dry and 
wet tests were made, tap water of low resistance being 
used- in a flne spray. All wet tests are subject to in¬ 
terpretation according to individual conditions, ^e 
results are however, believed to be -of relative value. 
Kgs. 14 and 15 show a summary of the results. The Big 
Creek insulator is of 9 units with arcing horns, both at 
top and bottom of the string having 48-in. clearance 
l^tween top and bottom horns. The flux control 
shield consisted of four metal arms surmounted by 
pm type insulators surrounding the lower end of the 
string. The conductor cages were tubular enlarge¬ 
ments of the conductor and the lower 27-in. ring was 
made of 2-in. standard pipe having its top surface 
in. above the conductor center and the upper 
ring was of cast iron surrounding the top insulator, 
in OTder to get some practical tests upon insulation 
under actual outdoor conditions, the Southern Cali- 
forma Edison Co. will have 26 miles of its Big Creek 
transmission line energized to from 220 to 260 kv. 
It IS expected to have this experimental line in opera¬ 
tion within a few weeks. Means of measuring corona 
mss ^e to be provided, 9-string and 12-string insulation 
will be in service and nng shields are being installed. 
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This length of line is insuiSicient to develop everything 
that may occur on a long line, it is however, hoped that 
information will be obtained upon the moot question 
as to^ the origin of flash-overs in surface leakage, and 
certain definite information as to corona losses will be 
obtained. It is of interest to note that the black deposit 
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Fig. 14 —Flash Over Voltage of Suspension Insulator 
Strings. Oscillator Discharges at 30,000 Cycles. 9-Unit 
Suspensions. 

A. Big Creek line construction; arcing horns at top and bottom of 
string. 

B. Insulated sliielding horns and tubular enlargement of conductor 
to 15 in. diameter and effect of removing insulator from one horn. 

C. Tubular enlargement of conductor only. 

D. Shielding rings 27 in. 0. D. and tubular enlargement of conductor 
to 15 in. diameter. 

E. Shielding rings 27 in. 0. D. only. 

that forms upon the Big Creek line operated at 160 kv. 
diminishes corona losses. Experiment upon a length 
of line, one-half of which had had the black deposit 
cleaned from it chemically, without damaging the alu¬ 
minum, showed that the critical visual point was about 
15 kv. higher on the uncleaned portion. 
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The deposit in question is a macadam of micro¬ 
scopic dimensions. Small mineral particles are ce¬ 
mented together with a black binder, the whole prob¬ 
ably being the result of a Cottrell precipitation process. 
The deposit is firmly adherent and upon rubbing with 
the hand takes on the appearance of a black enamel. 
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Fig. 15—Flash Ovee Voltage of Suspension Insulator 
Strings. Oscillator Discharges at 30,000 Cycles. 11- 
Unit Suspensions. 

B. Insulated shielding horns and tubular enlargement of conductor to 
15 in. diameter. 

C. Tubular enlargement of conductor only. 

E. Shielding rings 27 in. O. D. only. 


Raymond Bailey: Tap changing switches re¬ 
ferred to by Mr. Skinner, which are used with trans¬ 
formers on tie lines, which can only be operated when 
transformers have been “killed”, would appear to be 
somewhat limited in their application. In man y cases 
the necessity for changing transformer tap connections 
IS brought about by a demand for an increased amount 
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of power, which may make it impossible to take the 
transformer out of service to change the taps. 

Mr. Skinner, in discussing the step-type regulator 
stated that the objection of having high-voltage sliding 
contacts has_ been met by the use of cam-operated 
contactor switches. While it is possible that the con¬ 
tactors would be more reliable than sliding contacts, 
there would unquestionably be a certain hazard intro¬ 
duced into the high-voltage system by the connection 
thereto of a number of contactor switches. He em¬ 
phasizes the desirability of having the greatest sim¬ 
plicity when he recommends that the number of leads 
brought out from a transformer should keep to the 
absolute minimum as each extra lead brings about more 
complication with the consequent likelihood of seri¬ 
ous failure. The point brought out that tap changing 
equipment should be connected in the transformer 
neutrals where practicable on account of limiting the 
voltage stresses imposed on such equipment, is well 
worth keeping in mind. 

In the industrial centers throughout the East the 
transmission problems usually have to d9 with the 
transmission of large blocks of energy in either direc¬ 
tion between power stations, in such a manner as to 
give the most economical operation of the system, 
which usually involves the control of voltage and power 
factor of the tie lines. These requirements for trans¬ 
mission are clearly outlined by Mr. Wallau. 

More and more emphasis is being placed by the 
operating companies on studies made to determine 
upon the most economical method of operating their 
systems under the various loading^ conditions and 
upon placing the information obtained from these 
studies in the hands of the men directly in charge of 
operation. An example of this is given by Mr. Barron 
who states that his company has developed curves 
theoretically which are modified by experience, which 
are used to give the most economical operation of the 
entire system. He further points out that one of 
the most important factors which affect the theoretical 
curve of economy is the precaution taken to insure 
continuity of service. 

F. G. Baum: In the design of a large systern, 
especially one involving new problems such as this 
220,000-volt system, we find quite a number of things 
in the beginning that cause quite a lot of mental exer¬ 
cise. Of the two main points that bothered us orig¬ 
inally, one was the voltage control of the entire line 
and on that we feel quite statisfied now. Synchro¬ 
nous condensers act very much like a gyroscope, so 
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to speak, i. e., the machines refuse to change their 
position and they tie the voltage down at various points. 

Prof. Ryan has touched upon the large aspects of 
what I have tried to bring out. It is only through 
the cooperation of a number of people that we are 
going to really have long distance transmission. I 
believe we have to do it in that way. The insulator 
problem of course, must be- solved. The telephone 
men refer to d-c. transmissions. I think we can discuss 
that entirely as dealing with a past art. The success¬ 
ful long distance transmission system must be a 
constant potential system and this means a-c. trans¬ 
mission. 


I prefer to speak of either the internal shield or the 
external shield, they both are shields, one is the internal 
and one the external, and I believe the result is finally 
going to be the combination of those two, as to what 
purpose I do not know. 

29 is a very remarkable picture of an arc by 
Prof. Ryan. It shows an insulator string with its 
arcs bowed out due to this cross voltage, due to the 
insulator-string being bowed out and reaching into 
the upper third of the string. The important thing 
we have to consider is the surface leakage from the 
insulator string as a whole under all conditions, under 
the worst conditions, especially when that insulator ' 
string IS changed from one form to another, as when dew 
tails on It. We can get a wet arcover of half a million 
volts that is-entirely satisfactory, I think we may be 
statisfied and congratulate ourselves that we have 
been able to get as high as 500,000 volts. 

W. W. Lewis: Referring to Mr. Ferris’ discussion, 
specially that portion concerning Fig. 22, Comparison of 
Calculated and Measured Current in Grounded Neutral, 
Test 44. The writer admits that his method of calcu- 
lating this current was incorrect and that Mr. Ferris’ 
method more n^rly approxirnates the true conditions, 
loits +° bhe statement in the conclusions that the 
teste indicate a difference m corona loss with the 
f®'i^^iFonnded_and isolated: Figs 16 and 17 illus¬ 
trate this. In Pig. 16 IS a comparison between the 
corona loss aiM charging current of Test 10, neutral 
isolated, and Test neutral grounded at Junction 
no transformers at Grand Rapids. These curves are 
replotted from Figs. 5 and 11 of my paper resSvelv 
There is a distinct tendency for the grounS nSS 
cu^es of both loss and current to draw away from the 

solaW neutral cuiyes. The current 

10 droops.at the higher voltages due to transformer 
ma^etmng current while the current curve for S 
43 bends upward. In Fig. 17 are similar curves fS 
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Tests. 9 and 42, replotted from Figs. 6 and 12 of the 
paper. In these tests transformers are connected 
at the end of the line. The tendency of the line current 
of Test 9 to droop is more marked than in Test 10, 
while the current of Test 42 maintains an upward 
trend. In order to appreciate the reason for this differ- 
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ence in the charging current and loss curves, it will 
be useful to examine briefly the mechanism of corona 
formation: 

Kg. 18 (a) represents a sine wave of,voltage. Corona 
oegins at the point m on the ascending part of the 
wave and ceases at the point n on the descending part 



Isolated Nrittral 

. - .) AND Grounded Neutral (Test 42} 

Test 9 ^2 


Bate. 
Bar.., 
Temp, 
Hum., 


10 15 19 
29.34''... 
46.7'^!'. 


..Clear..., 

^Junrtlon to Grand 
Transformers on at Grand Rapids. 


.10 26 19 

.29.32" 

.41°P. 

94% 

Cloudy 

Grounded 
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of the wave, similarly for the other half cycles. The 
shaded parts of the wave represent the portion during 
which corona is formed, or it may be said they repre¬ 
sent the corona voltage. In (b) are replotted the 
shaded parts of (a). The resulting wave (b) may be 
analyzed into a fundamental, triple and other harmonics. 
In this case only the fundamentals and triple harmonics 
are shown, the other harmonics being small. In (c) 
are shown the line to neutral voltages of a three- 
phase system with their shaded corona-forming portions, 
and in (d) the analysis of the shaded portions of (c) 
into fundamentals and triple harmonics It will be 



Pig. 18—Formation op Triplb-Preqvency Current Y- 
Connection, Grounded Neuteal 

noticed that the fundamentals have the same relation 
to each other as the original waves in (c), while the 
triple harmonics are all in the same phase. If 
there is a path for current to flow such as would be 
formed by a Y-connected transformer bank with 
grounded neutral, the triple-frequency voltage of 
each phase will cause such a current to flow from con¬ 
ductors to ground and back through the grounded neu¬ 
tral, the currents from the three conductors adding 
up as represented by the dashed line in (d). This 
current is represented as in phase with the voltage which 
produces it, but there is a quadrature current also 
due to the line capacitance. 

If the neutral is not grounded then the triple- 
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frequency current cannot flow. In order to sup¬ 
press it, we may consider that there is an equal 
and opposite current produced by a voltage equal and 
opposite to the triple-frequency voltage of Fig. 25 (d). 
In Fig. 19 (^a) are represented the three leg voltages 
with the triple-frequency voltage that is responsible 
for suppressing the current. This added to the funda¬ 
mental gives the distorted voltages represented by 
the dashed-line cutve, the shaded portion again repre¬ 
senting the corona forming part. It will be noted that 
this part of the wave is now flat topped. 

Fig. 19 (b) shows the vector relation of the leg 



Fig. 19 Distoetion op Voltage, Isolated Netjtbal 


voltages and illustrates how line voltage 1—2, for 
example, is the difference between voltages 1 and 2 
or the sum of 1 and 2 reversed. In (c) voltage waves 
1 and 2 are added as indicated in (b). It will be noted 
that the triple-frequency components are equal and 
opposite and cancel, leaving only the fundamentals 
wmch add to give the dashed curve of line voltage. 
e flow of triple-frequency current 

for the case with grounded neutral (Fig. 18) is an 
mCTeased charging current and an increased loss due 
to the m-phase component of current. In the case of 
Fig. 19, in which the triple-frequency current is sup- 
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pressed and the voltage wave flattened there is no 
increased loss or increased charging current. On the 
other hand, the flat topped voltage wave produces a 
peaked flux wave in the transformers, causing an in¬ 
crease in transformer magnetizing current. The result 
on the generator side of the step-up transformers is a 
dropping off of the current at the higher voltages, 
because this current is the resultant of the line charging 
current, which is leading, and the transformer magnetiz¬ 
ing current, which is lagging. These conclusions are 
confirmed by the curves of Fig. 16 and 17 the currents 
here shown being low-tension generating station 
currents expressed in high-tension equivalent. 

The conclusions reached in this paper are, of course, 
tentative and may be confirmed or require revision as 
the result of further tests. . 

M. E. Skinner: When a delta-connected winding 
is used solely for suppressing third-harmonic voltages 
its relative physical location with respect to the core 
is not as important as might be inferred from Mr. 
McCurdy’s communicated discussion. In case the 
neutrals of the star-connected windings are not grounded 
the flow of current in the tertiary is limited only by 
the resistance and self-inductance of this winding. 
The self-inductance is. almost independent of the physi¬ 
cal location of the winding with respect to the core. 
This is for the reason that the flux enclosed by the wind¬ 
ing is practically entirely within the iron core and there¬ 
fore independent of the air space between the winding 
and core. The resistance of the winding will be least 
when the tertiary is located immediately adjacent 
to the core, but this is such a small factor in the total 
impedance that it may be neglected. 

If the neutrals of the star-connected windings are 
grounded so that third-harmonic current may flow 
in all three windings, then the disposition of the wind¬ 
ings with respect to each other enters into consideration. 
However, even under this condition, the mutual in¬ 
ductance between the tertiary and the primary or 
secondary windings is not the determining factor in 
the amount of third-harmonic current which flows 
in the ground connections of the star windings. ? 

very improbable condition of resonance to the third 
harmonic between the inductance of one of the mam 
windings and the capacity of one line to ground is 
eliminated, then in every case the important factor 
in determining the flow of third-harmonic curreiff in 
the ground connection is the impedance which is 
external to the transformer. For these reasons I 
disagree with the conclusions which Mr. McOurdy 



Z308 


ELECTRIC STRENGTH OF AIR 


[Juno 23 


reaches as stated in the last two paragraphs of his 
aiscussion. 

The conclusion may be drawn that it is only when 
power IS to be transferred at fundamental frequency 
between the various windings of a three-winding trans- 
lormer that the disposition of these windings with 
respect to each other becomes of really vital importance. 
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SYNCHRONOUS MOTORS FOR SHIP 
PROPULSION 

BY E. S. HENNINGSEN 

General Electric Co., Schenectady, N. Y. 

S INCE the inception and development of the 
idea of electric ship propulsion, the question 
of the possibility of using synchronous motors 
for such service has often been raised. Such a motor 
could be designed for unity power factor with a re¬ 
sulting saving in cost, weight, and efficiency, of both 
motor and generator. -So far as mechanical design 
was concerned, the answer was, of course, that the 
same substantial mechanical features could be obtained 
with a synchronous motor as with an induction motor. 
In addition, the synchronous motor would have 
greater clearance between rotor and stator and re¬ 
pairs could be more easily made since it would not 
be necessary to remove the rotor to replace either 
field or armature coils. The question, therefore, was 
whether or not satisfactory electrical characteristics 
could be obtained with this type of motor. The 
affirmative answer to this question is attested to by 
the fact that the S. S. Cuba, a fast passenger and ex¬ 
press boat belonging to the Miami Steamship Com¬ 
pany, and the first vessel of any kind to be propelled 
by a synchronous motor, has been in successful op¬ 
eration since November 1920, and five more equip¬ 
ments are under construction. Four of these are 
to drive cutters being built for the U. S. Coast 
Guard Service and one for a fruit steamer. 

The first consideration in the problem was to de¬ 
termine as accurately as possible what the torque 
requirements were, first under normal operation, and 
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second, during reversal of the propeller. The only 
point in question under normal operation is the margin 
in break-out capacity that is required to keep the mo¬ 
tor in step during rough weather or when the ship is 
making a turn. From the limited data available 
on single-screw ships, it appears that the torque im¬ 
posed on the propeller, due to the pitching of the ship 
in rough weather, varies between zero and about 
175 per cent of the average. The period of this va¬ 
riation in torque is about seven seconds. However, 
this requirement is not peculiar to the synchronous 
motor drive, since it is equally necessary to meet this 
condition with any form of electric drive. Since the 
break-out capacity depends upon the ratio of no- 


Fig. 
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is reduced to zero, the propeller drops to the no¬ 
slip speed which is 76 per cent of its full speed. To 
bring the propeller to rest against the action of the 
water requires a constantly increasing torque until 
at about one-half of the no-slip speed, the maximum 
braking torque is reached. This value is about 95 
per cent of full torque. Below this speed the required 
torque falls off and at zero propeller speed is about 
33 per cent. One hundred per cent of normal torque 
is required to drive the propeller at 38 per cent speed 
backwards. These values will, of course, be some¬ 
what lower due to the retardation of the ship during 
the time required for switching and reversing. No 
such accurate curve is at present available on a single¬ 
screw ship, but tests on several such ships indicate 
that the torque required to reverse the propeller ^is 
materially less than that shown in Fig. 1. It is, 
therefore, safe to assume that this curve represents 
the maximum torque requirements that must be met 
during reversal. 

In land practise, motors are usually operated 
from a constant potential and constant frequency 
system. For ship drive, since the main power cir¬ 
cuit comprises only the generator and the motor, 
it is neither necessary nor economical to design for 
either constant potential or constant periodicity dur¬ 
ing the operation of reversing. In other words, 
both motor and generator may be overexcited for 
brief periods and advantage may be taken of the fact 
that the generator’s speed can be reduced until the 
motor has been synchronized and the two units then 
brought up to speed together. Based on these facts 
a number of methods of reversal were suggested and 
tested out on an equipment consisting of the follow¬ 
ing machines: A 375-kv-a. generator, driven by a 
3600-rev. per min. turbine, was used to supply power 
to a 36-pole, 275-h.p. synchronous motor. The 
propeller was represented by a 200-kw. direct-current 
generator mounted on the same shaft with the motor. 
By varying the field excitation of the motor-driven 
exciter to which the d-c. generator was connected, 
the load on the synchronous motor could be reversed 
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and varied rapWly enough to approximate very closely 
the propeller torque curve of Fig. 1. 

The results of some of the tests made on this equip¬ 
ment may be briefly summarized as follows: 

1. The first method to be tried out was to cut 
off the steam from the turbine, reverse the phase 
rotation between motor and generator, establish field 
excitation on both machines, allow the turbine to 
come to rest with the motor and then start up by 
admitting steam to the turbine, bringing the motor 
up in synchronism with the generator from zero speed. 
Although sufficient braking torque could be developed 



Fig. 2—Braking 
CHRON ous Motor 
Phase Rotation 
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1921] SYNCHRONOUS MOTORS FOR SHIPS 


1313 


tures that result when steam is admitted to the tur¬ 
bine at standstill. 

2, The second suggestion was to reverse the phase 
rotation and establish both fields as before but allow 
the generator to drop to only one-fourth speed. The 
objection to this method was the excessive mechanical 
vibration that resulted when the motor was at stand¬ 
still but still excited and the generator running (also 
excited) at one-quarter speed. In this connection 
it is interesting to note the test shown in Fig. 2. Curve 
A represents the torque developed by the amortis- 
seur winding of the motor with normal excitation on 



Fia. 3 —Comparison of the Torque Curves of a Syn¬ 
chronous Motor with Singeb and Double Amortissedr 
Windings 

The generator was held at one quarter normal speed and had the same 
field excitation for each curve. 

the generator field and the motor field short-circuited. 
Curve B represents the torque developed by the motor 
functioning as a generator with normal excitation on 
the field and the armature leads connected to those 
of the generator. It was expected that with both 
fields normally excited, the resulting torque curve 
would be the sum of curve A and curve B, or curve C. 
Instead, the resultant Curve D, obtained from test, 
shows that due to interference of the two polyphase 
systems of opposite phase rotation, the resulting 
torque is only about 86 per cent of the sum of the 

separate torques. • , j 

3. The motor was then equipped with a double 
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amortisseur winding to find out whether the advantage 
so gained would be worth the added mechanical diffi¬ 
culty. Fig.^ 3 shows the test curves obtained with 
both the single and double amortisseur windings. 
The generator was run at one quarter of full speed 
and with the same field excitation for both curves. 
It will be noted that the double winding will give a 
slight gain in the time of stopping the propeller, 
but an almost equal loss in time to come up to speed 
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tory methods of accomplishing a full speed reversal 
of the propeller are as follows: 

Method No. 1: (a) Throw the turbine speed gov¬ 
erning mechanism to the quarter speed position; 
(b) reverse the phase rotation between motor and 
generator; (c) excite the motor field only, thus caus¬ 
ing the motor to function as a generator and hence 
brake the propeller to zero speed; (d) energize the 
generator field and deenergize the motor field, thus 
causing the motor to come up to approximately one- 
fourth speed as an induction motor; (e) apply motor 
field to synchronize, and (f) bring up the turbine 

gp00(>[^ 

Method No. 2: (a) and (b) same as in Method 

No. 1, (c) establish field on the generator, thus causing 
the ’motor to come to rest and up to approximately 
one-quarter speed in the opposite direction by means 
of the amortisseur winding -torque only; (d) apply 
motor field to synchronize, and (e) bring up the tur¬ 
bine speed. 

Method No. 1 although requiring one more opera¬ 
tion has the advantage that very much^higher brak¬ 
ing torque can be obtained from the generator charac¬ 
teristic than from the induction motor torque character¬ 
istic and also that it affords a means of keeping the 
propeller from rotating while the ship is still going 
ahead due to its momentum, a procedure which is 
not possible without complicated control when only 
the induction motor torque characteristic is used. 

The construction of synchronous motors for ship 
drive is illustrated by Figs. 4 and 5. They differ 
in the following particulars from those designed for 
land practise: The diameter is smaller and the length 
correspondingly greater; they are of the end shield 
bearing type;' the air gap clearance is somewhat 
greater; special precautions are taken to make the 
insulation moisture-proof; the amortisseur winding 
is so constructed that the poles may be removed 
without removing the rotor; jacking bolts are pro-nded 
in the bearing housings for taking the weight of the 
rotor when it is desired to remove a bearing. In 
order to facilitate temporary repairs, the armature 
winding has as large a number of circuits as the number 






1316 


B. S. HENNINGSBN 


[Jiine 24 


of poles will permit. Then in case of a burn-out it is only 
necessary to cut out that particular circuit or cir¬ 
cuits without having to install jumpers across the 
damaged section. Since the power to drive the pro¬ 
peller varies approximately as the cube of the speed 
cutting out one circuit of a twelve-circuit winding’ 

^ speed of only 

a little more than 23^ per cent to keep the load on 
the other circuits as before. 

The motor illustrated in Fig. 5 has the ship’s main 
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far atf as possible and hence-doing away with the usual 
long shaft alley. In such an installation a gravity 
feed oil system could be installed to be used in case 
of a failure of the direct-connected oil pump. With 
such low speeds as are employed, very little lubri¬ 
cating oil is required and a comparatively small 
gravity tank would supply oil until repairs could be 
made. With a motor such as shown in Fig. 4, the 
spring thrust bearing is mounted in a separate housing. 



Fig. 6—3000-H. P., SO-Cyclb, 100-Rbv. per Min., Synchro¬ 
nous Motor eor Ship Propulsion 
W itli bearing caps removed to Show one journal bearing and spring 
thrust bearings assembled in lower bearing bracKet. 

Fig. 7 shows the torque characteristics of an equip¬ 
ment consisting of a 3000-h.p., 100-rev. per min. 
synchronous motor and a 3000-h. p., 8000-rev. per 
min., 50-cycle turbo-generator installed on the S. 
Cuba. The curves marked braking torque show the 
torque developed by the motor functioning as a gener¬ 
ator with both 125 volts and 250 volts across the 
collector rings. The motor is connected to the gener¬ 
ator with opposite phase rotation but the field of 
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auction motor torque is the torque developed bv the 

amortisseur winding of the motor. For this curve the 

£stwi°e^tL^^^^^”1^^ one-fourth of normal speed and 
the excitation voltage impressed across 

the collector rings. This double excitation is obtained 
by means of a 250-125-volt, three-wire exciter.^ 
n« normal operation the generator and motor fields 
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with llO-volt excitation; and in thirteen seconds with 
the motor operating as an induction motor. 

The load characteristic of this equipment is given 
in Fig. 8. With 125-volt excitation across the col¬ 
lector rings, the margin in break-out capacity is 161 
per cent for a steadily applied load. Somewhat 
more than this can be safely, carried when the load 
is a variable one such as will result due to the action 
of the waves and rough weather. 
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.Fig. 8 —Load Chaeacteristic at Full Excitatiok— 3000- 
H.P., 3000 -Rev. per Min. Generator and 3000-H. P., 100- 
Rev. Min., Synchronous Motor 


The successful application of synchronous motors to 
ship propulsion, therefore, marks another advance 
in the ever widening field of activity of this type 
of motor. It is certainly to be expected that the 
same high record of substantial and reliable performance 
that it has established in other lines of industry will 
be duplicated in the marine field. 
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MAGNETIC PROPERTIES OF COMPRESSED 
POWDERED IRON 

BY BUCKNER SPEED AND G. W. ELMEN 

Research Laboratories of the American Telephone & Telegraph Company 
and the Western Electric Company, Inc., 


Abstract of Paper 

This paper describes a newtmagnetie material -which 
is peculiarly suited to the construction of cores in 
small induc-tance coils and transformers such as are used 
in a telephone plant. The requirements which were 
to be met involved a core material which should have a 
constant permeability, a small hysteresis loss, and a 
small eddy current loss within the range of magnetizing 
forces and frequencies which are met in telephonic 
operation. The material which was developed to 
meet these requirements is formed by fine grains of pow¬ 
dered iron, insulated and compressed. There ^ is 
described the circumstances and experiments which 
led to this development and also the method of com¬ 
mercial production. Tables and curves are given show¬ 
ing the magnetic, electrical, and mechanical properties 
of the material. 


T he development of a successful method of 
compressing insulated grains of iron to produce 
a material magnetically and electrically suited 
for use in the telephone plant has had a determining 
effect upon recent progress in methods of loading and 
compositing telephone lines as well as upon the intro¬ 
duction of carrier current systems of multiplex tele¬ 
phony. It is the purpose of the present paper to dis¬ 
cuss briefly the circumstances and experiments which 
led to this development and to describe the method of 
commercial production and the magnetic charac¬ 
teristics of the finished material. .... 

The most important use of this material is in the 
construction of the cores of the loading _ coils which 
are introduced at regular intervals to increase the 
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inductance of a telephone circuit. ^ It is also used 
in the cores of inductance elements in filters for car¬ 
rier current systems,^ and in those of reactance coils and 
transformers for radio telephone circuits. Coils for 
use in these circuits have to meet requirements which 
are in general quite different from those of other cir¬ 
cuits, as, for example, power transmission circuits. 

In telephone-transmission lines, for example, the 
inductance of the loading coils must remain constant 
throughout the entire range of intensities of the cur¬ 
rents which are employed in the telephone plant. 
The amplitude of the currents to which a given coil 
is subjected may vary as much as one hundredfold. 

The first requirement for the magnetic core-material 
of a loading coil, therefore, is that its permeability 
shall remain constant over the range of magnetizing 
force con’esponding to the normal range of telephone 
currents! 

The second requirement arises from the simul¬ 
taneous use of. circuits for telephone and telegraph 
transmission. It is necessary that the variation in 
the effective resistance of the coil, which is caused by 
hysteresis® and occurs when two currents of different 
frequencies and amplitudes are superposed, shall be 
so^ small that what is known as “flutter” in the trans¬ 
mitted speech shall not be objectionable. 

_ The third requirement concerns the effective re¬ 
sistance which is introduced into the telephone cir¬ 
cuit because of hysteresis and eddy-current losses in 
the core-material, of the loading coil. It is required 
that the effective resistance due to these causes ghafi 
be small in order that the total resistance of the coil, 
including its copper loss, shall be small as compared 
to the resistance of a length of line conductor equal 
to the length of the loading section. Since the effects 

1. B. Gherardi. “Commercial Loading of Telephone Circuits 

in the Bell System.” Trans. A. I. E. E. 1911, Vol XXX n 
1743. ’ 

2. Colpitts and Blackwell. “Carrier Current Telephony and 
Telegraphy,” Journal A. I. E. E., Feb, 1921. 

3. Fondiller and Martin. “Hysteresis Effects with Varying, 
Superposed Magnetizing Forces.” Journal A. I E e’ 
Feb. 1921. 
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of hysteresis and eddy currents will depend upon both 
the frequency and the amplitude of the telephone 
currents, it is further evident that the constancy of 
loading coil operation requires that these losses shall, 
be minimized. 

These requirements were met successfully in the 
early development of loading coils by the use ofjiard 
iron either in wire or in sheet form. Cores of hard- 
drawn wire were developed and adopted by the engi¬ 
neers of the American Telephone & Telegraph Com¬ 
pany and were used successfully until the core-material 
herein described was put on a production basis. Two 
advantages pertain to the use of hard material in 
preference to soft. In the hard material the varia¬ 
tion in permeability for a large range of magnetizing 
forces is less than in the soft iron. This is especially 
true at the initial part of the magnetization curve 
where, for a very large range of magnetizing force, 
the permeability of the hard material is constant. 
The second advantage is due to the fact that over 
this range in which the permeability is constant the hys¬ 
teresis loss per unit of volume is less in the hard than 
it is in the soft material for the same flux density. ^ 

In order to take advantage of the constancy in per¬ 
meability and the low hysteresis loss at small mag¬ 
netizing forces^ the coils were designed so that for 
the range of speech currents the magnetizing force 
corresponded to that of the initial part of the magneti¬ 
zation curve. In a standard design of coil the magneti¬ 
zing force corresponding to an average telephone 
current of one milliampere is of the order of 0.01 gauss. 

In addition to the magnetic requirements for the 
core-material, its electrical resistivity is also of great 
importance. This is due to the fact that the important 
frequency of the speech currents as usually assumed, 
is approximately 800 cycles per second and unless the 
resistivity of the material is very high or the core 
material is very finely subdivided, the losses caused by 
the eddy currents are excessive. In order to reduce 
the effective resistance caused by these losses it was 

4. In this paper the term “small magnetizing force is used 
to indicate forces below 0.1 gauss. 
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found necessary to employ iron wire drawn down to 
a diameter of 0.004 in. and, in addition, to insulate 
the separate convolutions of the contiguously-wound 
core. Two types of wire were established as standard 
for loading coils, classified according to the perme¬ 
ability at low magnetizing forces. For one type the 
permeability is 95, and for the other, 65. The differ¬ 
ence in permeability between the two types is the 
result of a difference in the process of drawing the 
wire, that of lower permeability being drawn a greater 
number of passes without annealing. 

Cores constructed in the above manner were used 
for a number of years. With the introduction of 
repeaters, and especially on composited and phan- 
tomed circuits, the requirements as to stability and 
constancy in the physical characteristics and opera¬ 
tion of loading coils became more severe. To meet 
these conditions it was found necessary to introduce 
air gaps® at right angles to the flux path in the core 
of the loading coil.- The introduction of such air 
gaps was conditioned by certain other requirements, 
specifically for example, by the requirement as to a 
balanced-winding arrangement in coils designed for 
phantom circuits where an absence of balance be¬ 
tween the several windings would introduce stray 
magnetic fields. In telephone practise parallel cir¬ 
cuits are loaded at a common point and the coils are 
either adjacent on a loading pole fixture, or are assembled 
in a common case. Under the latter condition, if 
stray magnetic fields surround the cores of such coils 
there would be introduced an interference between 
parallel telephone circuits which is ordinarily spoken of 
as “cross-talk.” For this reason the air gaps which 
are introduced into the core of the loading coil have 
to be spaced symmetrically with respect to the bal¬ 
anced-winding aiTangement. 

The production of this hard-drawn wire requires 
the use of diamond dies and these were imported 
from Europe. Early during the war importation be¬ 
came impossible and our supply of hard-drawn wire 
was thu s seriously curtailed. Fortunately the develop- 

5. Fondiller and Shaw U. S. Patent No. 1, 289, 941. 1918. 
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ment of the powdered-iron cores while not completed 
had reached the stage where the material could be 
quickly put into commercial production to meet the 
demand for core material. 

In order to be useful as a substitute for fine iron 
wire, a magnetic material must have the following 
general properties; (1) the permeability at low mag¬ 
netizing forces must be between 20 and 100, (2) the 
material must be very finely divided in a direction 
at right angles to the magnetizing force in order to 
decrease the effective resistance caused by the eddy cur¬ 
rents, (3) the hysteresis loss must be low, and (4) the 
cost of manufacture into core form must compare 
favorably with that of iron-wire cores. 

From a preliminary investigation the most promis¬ 
ing possibilities seemed to lie in the direction of using 
finely-divided iron powder, each particle sufficiently 
insulated to eliminate eddy currents between conti^- 
ous particles. The general idea of using this kind 
of material for telephone-magnet cores was old. In 
1887 Heaviside® described • cores made from finely di¬ 
vided iron and insulated with wax. Coils with such 
cores were tested on an inductance bridge at telephone 
frequencies for the purpose of determining to what 
extent the effective resistance caused by the eddy cur¬ 
rents had been eliminated. The results indicated that 
the subdivision was very effective in eliminating eddy- 
current loss. 

About the same time others^, notably Fritts, sug¬ 
gested the use of finely divided iron for pole pieces 
and armatures in dynamos and motors and for the core 
of other electromagnets. Interest along this line then 
subsided, probably because more satisfactory results 

could be obtained with laminated iron. 

About 1900 the interest in the use of finely divided 
iron for a core material was revived by the introduc¬ 
tion of loading coils. -For the cores of loading coils 
Dolezalek® suggested the use of finely divided iron in 
very much the same form as Heaviside had previously 

employed it for telephone magnets. . 

A constructive suggestion was made in 1901 by . 
-K~The Electrician, Feb. 11, 1887, p. 302, also Elect. Papers 

VoL II, page 398, 1894. 

7. See bibliograpliy at the end of tbe paper. 

8. U. S. Patent No. 716206, 1902. 
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A. Pickemell of the Engineering Department of the 
American Telephone and Telegraph Company. He 
advocated the use of finely divided magnetic oxide 
of iron or iron powder as a suitable material for loading- 
coil cores. The possibility of using iron oxide was 
investigated by the Telephone Company engineers and 
actual methods of production ^ were developed and 
loading coils with cores of this material were construc¬ 
ted. Toroidal cores were made by using iron lami¬ 
nations or iron tape. After the cores were formed 
they were subjected to an oxidizing process' which 
transformed the iron into magnetic oxide of iron 
(Fe 3 04 ). The results obtained on these coils gave 
enough promise to indicate that it would be possible 
to produce cores in this way. As hard-drawn iron 
wire cores were developed about the same time and 
as the energy losses of these cores were considerably 
less the development work was discontinued. 

The magnetic properties of finely divided iron have 
also been studied by a number of investigators^^ 
all the permeabilities which-they record are for values 
of magnetizing force much larger than those with 
which we are concerned in telephony. In all of the 
investigations, with the exception of Benedicksii, the 
material was either entirely uncompressed or was very 
slightly tamped. The permeabilities recorded by 
these experimenters are less than 10. Benedicks 
compressed his material by continued tamping, and 
the permeability of his core, at the magnetizing force 
of 143 gausses, was 90 as compared with a permeability 
of 143 for solid iron at the same magnetizing force. 
Benedicks, however, was interested only in direct- 
current magnetizations, and the material which he 
produced was of no value at high frequencies as the 
particles of iron were not insulated. 

There was nothing in the literature to indicate 
w at permeabilities could be obtained at low magneti-* 
zing forc es. It seemed, however, to one of the authors^^ 

1902^^ Oolpitts, U. S. Patents No. 705935 and 705936. 

10. See bibKograpliy at the end of tbe paper. 

11. Journal of the Iron and Steel InsL Vol. I, p. 407 1914 

12. B. Speed, U. B. Patent No. 1274952, 1918. * 
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that the use of powdered iron for core materials had 
important possibilities. He concluded that if a pure 
finely divided iron powder could be insulated with a 
very tenacious insulation and compressed so that the 
specific gravity was nearly that of solid iron, it should 
be possible at low flux densities to obtain permeabili¬ 
ties of the order required for loading-coil cores. 

Experimental Work 

The experimental work, through which powdered- 
iron cores of commercially valuable properties were 
first obtained, could not be fairly stated unless we 
here made acknowledgment of the able assistance 
rendered by J. T. Butterfield and J. H. White. To 
W. Fondiller is due the designing and engineering of 
the loading coils embodying the compressed iron cores: 

Early Experiments. Our earliest efforts were_ di¬ 
rected towards obtaining particles of finely divided 
iron each with a coating which would retain its insula¬ 
ting properties when a mass of them was compressed to 
a specific gravity of the order of that of solid iron. 
The iron powder used in the early experiments was 
powder reduced from iron oxide in hydrogen. This 
powder was mixed with a little water and slowly 
dried by heating it to a temperature between 100 
and 150 deg. cent, until the particles had a coating 
of oxide on them. This oxide was mostly red oxide 
of iron although under certain conditions both the 
red and black oxide were present. After the oxide 
coating was obtained, the powder was mixed with a 
thin solution of shellac and dried while the mass was 
stirred to prevent caking. When dried, the insulate 
powder was put in a mold and pressed into riiigs from 
^to}i in. thick, and with inside and outside diameters 
of 23 ^ and 3;?^ in., respectively. 

Pressures. The pressing was first done with a 
press which developed a pressure of 100,000 pounds 
per square inch of surface of the rings.^ As this pres¬ 
sure did not seem high enough to obtain the required 
permeabilities, a press was obtained which, for the 
same surface, produced pressures up to 250,000 pounds 
per square inch. When the material was subjected 
to 200,000 pounds per square inch of surface cores 
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were formed which had sufficiently high insulation 
between the particles and also at low magnetizing- 
forces a permeability'’ between 50 and 60, that is of 
the order required by a substitute in loading coils 
for the 95-permeability wire. 

Insulation of the Particles. In addition to the 
method of insulating the particles described above, 
a number of other methods were attempted before 
the one now_ used Commercially was adopted. In 
place of oxidizing and shellacking, some cores were 
made in which shellac only was used. Others were 
insulated with asphaltum compound dissolved in 
carbon tetrachloride, and the mixture stirred until 
the solvent evaporated. A number of different kinds 
of varnishes were also tried. In place of oxidizing 
the surface of the iron particles, there was also tried 
the method of chemically producing on the surfaces 
coatings of other compounds of iron. None of these 
methods gave as satisfactory results as the method used 
in our early experiments. This was due to the fact 
that If the insulation were made sufficiently thick to 
prevent the iron grains from cutting through it under 
pressure, it introduced too large air gaps in the mag- 


While mvestigatingthesepossibilities,J.C. Woodruff'^ 

discovered that when a quantity of iron powder was 
rolled in a zinc-lined drum for a few hours and then insu¬ 
lated with a shellac solution the resulting product 
Showed for corresponding permeabilities a higher 
specific resistance than had been obtained by any of 

Pursuing this further he found 
that If before applying the shellac he mixed the iron 
pow er with flaked zinc, rolled the mixture in a drum 
or a few hours, and then removed the zinc by sieving, 
a very thin and tough insulation of the grains of iron 
w^tained which did not break down wIen the c^es 

flux eorreetion is made in the 

1 ^insulation and the air space. The cross- 

^tio^ area IS assumed to be the measured crosllS 

fluxdMdedbTrt,’ Penneability recorded is the total 

fl^divided by the eross-seetion of the ring and the magnetizing 

14. XJ. S. Patent No. 1,292,206, 1919. 



1921 ] 


COMPRESSED POWDERED IRON 


1329 


were compressed. As this is a very convenient method 
of insulating the material commercially, it was adopted 
and is being used in commercial production of powdered 
iron cores. 

Production of Iron Powder. Next to the question 
of the possibility of using iron powder for making 
cores, the problem of obtaining a source of supply is 
important. In the early experimental work, as has 
already been stated, there was used iron reduced from 
the magnetic oxide by hydrogen. The two main ob¬ 
jections to this material were the high cost of produc¬ 
tion and the fact that the reduced iron was very soft 
The latter is a serious defect, as has already been 
pointed out, in case the material is to be used for cores 
in the highest grade of loading coils. The pressing 
of the iron powder introduces a considerable amount 
of mechanical hardness but is insufficient to give the 
material as good magnetic qualities as the 65-perme¬ 
ability iron wire. The introduction of other means 
of hardening the material, although possible, would 
increase the cost of production. When stud 3 dng the 
question of obtaining a source of supply, one of the 
authors^® concluded that if iron was deposited from a 
suitable electrolyte it could probably be ground to the 
required fineness and it would also have the additional 
quality of being a hard material. This method of 
producing iron powder would also be relatively in¬ 
expensive and the quality of the material could be 
controlled a great deal more readily than in other 
methods of production. Work was immediately 
started to investigate this possibility and the prelimin¬ 
ary work was so encouraging that a good-sized experi¬ 
mental plant was installed. 

Satisfactory material was obtained by electrolysis 
of a solution containing ferrous sulphate and chloride 
and ammonium sulphate using anodes of mild steel 
and cathodes of polished sheet steel, with current 
densities of about twelve amperes per square foot. 
The cathodes were removed when the deposit had 
reached a thickness of to washed in hot 

water to remove the electrolyte. 

2 , 5 . G. W. Elmen, U. S. Patents No. 1297126 and 1297127, 
1919. 
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The deposited iron was then stripped from the 
cathode sheets and broken up into pieces about an 
inch square. This material was next placed in a ball 
mill and ground until all of the material would pass 
through a sieve with 80 meshes to the linear inch. The 
ground iron then contained particles from the largest 
size passing through the sieve to the very finest flour. 
Sieve analysis showed that approximately 35 per cent 
to 50 per cent of this material would pass through a 
200-mesh sieve. Unless the iron powder was to be 
annealed, it was now ready for the insulating process. 

If annealed iron was desired, the powder was packed 
into cast-iron boxes and heated to about 850 deg. 
cent, and then allowed to cool slowly with the furnace. 
The material was then removed from the boxes. Be¬ 
cause of a certain amount of sintering it was necessary 
again to break up the material into the original mesh 
by putting it through a rock crusher. By this process 
the iron was very readily reduced to its original fine¬ 
ness. The annealing process also purified the iron to 
a certain extent since the occluded hydrogen was 
liberated at a comparatively low temperature and 
reduced to pure iron the oxide which was present. 
This made the annealed iron purer than the un¬ 
annealed. 

This method of obtaining the supply of iron powder 
has been adopted commercially and a description of 
the commercial plant wiU be given later in this paper. 

Magnet Cores. The present method of producing 
magnet cores from iron powder is as follows: The iron 
IS deposited electrolytically, ground, sieved, insulated 
and pressed in dies at a pressure of 200,000 pounds per 
square inch of surface. The rings are pressed to a 
thickness of approxima.tely in., the inside and out¬ 
side diameters depending on the design of the coil. 
Alter pressing, these rings are baked at a temperature 
ot 125 deg. cent, to remove the moisture. The cores 
are constructed from these rings. Ordinarily several 
of the rings are stacked together to make a core and 

covered with insulating tape before the copper winding 
IS put on. 

The use of iron powder of the kind described lends 
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itself very readily to the construction of cores having 
any desired permeability below 60 at low magnetizing 
forces. At the present time three standard types of 
core-material are commercially produced. These will 
be designated, for convenient reference,, as grade A, 
grade B, and grade C. The order of designation does 
not imply the order of superiority in magnetic proper¬ 
ties. The same pressure, 200,000 pounds per square 
inch, is used for all of these grades. Grade A consists 
of annealed and insulated iron-powder which has passed 
through a sieve with 80 meshes to the linear inch. 

The permeability of this material at low flux densi¬ 
ties is approximately 55. Grade B consists of material 
of the same mesh as grade A but is a mixture, 90 per 



jTjg. X—Micbophotogkaph op Stjkpacb op Grade A Ring 
M agnification 100 diam. 


cent unannealed and 10 per cent annealed. The 
permeability for the same magnetizing forces is ap¬ 
proximately 35. Annealed iron is added m order to 
bring the permeability up to the desired value and 
also to add somewhat to the mechanical strength of 
the rings. Grade C is a mixture of the same propor¬ 
tions i grade B, .but it passes through a sieve of 200 
meshes per linear inch. The shellac insulation for 
grade C is also considerably _ heavier than for grades 
A and B. The permeability of grade C is approxi¬ 
mately 25. 
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Fig. 1 is reproduced from a microphotograph of the 
surface of a grade A ring showing the distortion of 
the iron grains and the thin walls of insulation sep¬ 
arating them. 

Figs. 2 and 3 show two sizes of rings and a coil in 
which part of the winding and core has been removed. 

Electrical and Magnetic Properties 
There will now be presented the results of tests under 
a large number of conditions, from which there may be 
obtained a very complete idea as to the elecla-ical and 
magnetic properties of electrolytic iron powder. The 
tests to be described cover cores pressed from electro¬ 
lytic iron-powder both annealed and unannealed. 



1 he results are also given of tests on uninsulated 
powder. In this case the powder was of the same fine¬ 
ness as that of grades A and B. There is also shown 
the effect of different pressures upon the physical 
constants of both the annealed and the unannealed 
iron-powder. The tables show also the specific gravity 
and the tensile strength of some of the materials. 
It IS to be noted that grades A, B and C are standard 
materials; the other materials for which values are 
given are recorded only for purposes of comparison. 

Specific Gravity. The specific gravity for uninsu¬ 
lated u-on powder, compressed with different pressures 

A specific gravities for the grades 

A, B and C cores are given in Table L 
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Teiisile Strength. The mechanical strength of the 
rings is considerable and no difficulty is experienced in 
handling them in the general process of manufacturing 
cores. In Table I is recorded the load in pounds per 
square inch of cross-section necessary to disrupt the 
pressed rings under tension. The specific gravity of 
the rings is also given in this table. 



1- 

Fig. 3 

TABLE I. 

Tensile Strength 

Specific 


Pounds per sq. in. 

Gravity 

Grade A rings. .. 

. 1375 

7.1 

Grade B rings... 

. 925 

6.4 

6.0 

Grade C rings... 

. 375 


Specific Resistance. In the measurement of specific 
resistance the current was led into core rings of the 
material by small clamps, placed diammetncally op¬ 
posite one another, and thus dividing the rmg into 
two equal-current paths. The drop of potential was 
measured in different parts of the surfaces of the two 
halves of the ring. The clamps were then turned 
through 90 deg. and measurements were agam made. 
The specific resistance of the compressed rings was 
calculated from the dimensions of the rmg and the 
distance between the potential points. The specific 
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resistances of the various types of iron powder used 
in these measurements are recorded in the same tables 
as the magnetic properties and in Fig. 5 is plotted the 
specific resistance for uninsulated powder compressed 
with different pressures. 

Magnetic Properties. The magnetization curve and 



^ PRESSURE-POUNDS PER SQUARE InCh 

Fig. 4—-Specific Geavity op Uninsulated Ieon Powdee 

CoEES CoMPEESSED WITH DiPPEEENT PeESSURES 

hysteresis loops for direct-current magnetization were 
measured with the ballistic galvanometer. From 
these-measurements the permeability, the hysteresis 
loss (PT*), the hysteresis exponents (a:), and the hys¬ 
teresis coefficient {■>}) were computed. The data on 
various types of cores are tabulated in the following 


Pig. 



5 Specific Resistance op Uninsvlatbd Iron Powder 
Cores Compressed With Different Pressures 


tables and in some instances are shown by tvoical 
graphs. jt-oai 


• rr A c o. 10 and 1] 

give the data on uninsulated iron powder cores, both 
annealed and unanneaied, for various pressures. 

R ^ grades A, 

^^-Snetization curves for these cores 

are plotted m Pig. 12. 
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Data Derived prom Measurements of Induc¬ 
tance AND Effective resistance 
Certain data as to magnetic constants are deducible 
from the values of inductance and effective resistance 
of coils especially wound on cores of the various mate- 




n^. Measurements of inductance and effective re¬ 
sistance were made with an inductance bridge Mea- 
^mente were made for frequencies, within L aucHWe 
range, of values 600, 800, 1200, 1600 and 2000 cvcle 
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per second. In all these bridge measurements the 
flux density of the cores was low. The measuring 
current was obtained from a vacuum tube oscillator 
which gave a sinusoidal wave. The test coils were 
so constructed that for the highest frequency of meas¬ 
uring current the energy losses in the copper winding 


Fig. 8— Pbembability Cubvbs fob Annealed Uninsulated 
Ibon Powdbb Compbessed With Difpebent Pbbssubes 



1254,000 Lb./Sq. In. 
^,OOOLb./Sq.ln' 


^178,000 Lb./Sq. In.^ 
M52.000 Lb./SQ.In. 
127,(MX> Lb./Sq,In. 


^ 101,600 Lb./Sq. In. 
l 76 .l 00 Lb./Sq.ln. I 


IHON Powder Compressed with Difpebent jtbe 

caus^ by eddy eurrenK and 

were very and did not enter 

^ihe”'rmru«ion'o£ hyateresia and eddy-current 
losses in the cores themselv^. 
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From measurements of the effective resistance and 
inductance of the test coils there was derived the per¬ 
meability of the core-material, and also the components, 
due to eddy currents and hysteresis respectively, of 
the iron losses in the core. The equations whereby 
these calculations were made are given below. Pre¬ 
ceding them there is a statement of the symbols which 
are employed in the equations. 

The permeability of the core material was computed 
by equation (3). The effective resistance correspond¬ 
ing to the iron losses was separated into its compo¬ 
nents by equation (7), which is derived from Stein- 
metzs equation (1). Instead of expressing the power 



Fig. 10-Hybteeesis Chabacteeistics fob Annealed 
Uninsulated Ieon Powdee Coees Compressed With a 
Pressure op 203,000 Lb. Pee Sq. In. 

loss in the iron per cubic centimeter, it is more satis¬ 
factory for purposes of coil design to express the effec¬ 
tive resistance per henry of inductance. 

The transformation of the usual Steinmetz equation 
to the form which we have found convenient is indi¬ 
cated by equations (1) to (8) inclusive and the ac¬ 
companying text. 

1/ = inductance in henrys 
I = current in amperes (r. m. s.) 

W = power expended in ergs in the core ‘ 

E = magnetizing force in gauss 
B = flux density in gauss 
M = permeability 
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N = total number of turns of winding on the core 
A = cross-section of core in cm^. 

V = volume of core in cm®. 

I = mean length of the magnetic circuit in cm. 

R, = effective resistance in ohms caused by the iron 
losses. This is equal to the measured re¬ 
sistance at a designated frequency minus 
the direct-current resistance. 

R'f, = effective resistance caused by hysteresis loss 
rI = effective resistance caused by eddy cument loss 
X = hysteresis exponent 



Fig. 11-Hysteresis Characteristics 

_nrvMPRP.SSED A rREbSURE 


OF 203,000 Lb. Per Sq. In. 


^ = hysteresis coefficient 

y = eddy current coefficient 
f = frequency in cycles per second 
W = nvfB'' + y'i>f^ (2) 

W = RtP 

4tN®Am (3) 


4 Tr NI ■\/2 

H = 


t? = IA 
From (1) and (2) 
R,P X Iffi 


= njvB^ + 


(4) 

(5) 


(6) 
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Eliminating P and v from this equation by means of 
(3), (4) and (5), gives 

= 8Trr,/M£""' + SttM 7f W 

L/ 

Equation (7) gives the effective resistance caused 
by the energy losses in the core in ohms per henry. 
The first member on the right-hand side of the equation 
is the effective resistance caused by the hysteresis 


Fig. 



12—Magnetization Curves tor 
Cores 


Grades B, and 


C 


loss and the second that caused by the eddy current 

order to separate the two, equation (7) is divided 
through by the frequency, giving 

= 87r7)juB""" + 87rTM/ 

4 -c o citraiffht line when plotted 
This equation represents a straig 


^ SS one of the coordinates end the freduency 
as other. The intercept of this line with the 
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axis of 


A 

Lf 


gives the effective 


resistance for a 


given 


flux density per henry per cycle, caused by the hystere¬ 
sis loss. The slope of the line multiplied by the fre¬ 
quency gives the eflfective resistance, per henry per 
cycle, caused by the eddy current loss at that fre¬ 
quency. 

The permeabilities and the magnetizing forces in 
the alternating-current measurements were computed 
by means of equations (3) and (4). 

In Pig. 13 are plotted the permeabilities of the 
uninsulated iron-powder at low magnetizing forces and 
for different pressures. 



rxG Id-l^EHMEABILITY AT LoW MAGNETIZING FoHCES 

D.™™™ iT W.„ 


R 

In Fig. 14 —is plotted against frequency for 
sweral densities for grade A material, and in Fig. 15 

JJ IS plotted against the frequency for the same 
flux densities. 


Fig. 16 shows the variation of 


jj^ ' with frequency 


^ permits a comparisor 

of the tlmee grades of material. 

abmfv ■'I?®'' “a-c. perme- 

ability, the variation i,n a-c. permeability, which is 
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produced by the superposition of various values of 
steady magnetizing force. In determining the rela¬ 
tions of Fig. 17 the inductance bridge was used, and 
the a-e. permeability was calculated from the measured 
inductance of the test coil by the application of equa¬ 
tion (3). In addition to the alternating current which 
was used for the bridge measurements there was 
superposed upon the windings of the test coil a direc 



"0 «0 

FIG. ro7 Guade B Coks 

SISTANCE CAUSED'BY 

current. The shown by the 

various values of the illustrates the magnetic 

abscissas of Fig. 17. ^^__a characteristic whic* 

stability of the core ^ It may be noted, 

will be discussed more d.c. magnetizing 

however, that stebih y Resigned for telephonic 

forces is important m coils which are to 

purposes, for example, i 1^. ^ theinductence 

le used on eompo^tedj alterei! 

to the voice freq , . ^a^pli currents, 
by the superposed telegrapn 
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Tables IV, V and VI, to which reference has already 
been made, give the results of computation based 
upon bridge measurements in addition to those de¬ 
rived from the ballistic measurements. Bridge meas¬ 
urements permit accurate determinations of the mag¬ 
netic constants for low values of H. The higher values 
were computed from ballistic measurements as men¬ 
tioned above. The tables give hysteresis coefficients 
and hysteresis exponents and also energy losses per 
em.^ per cycle. The energy loss has been expressed 
per cm.* per cycle in the case of the bridge measure¬ 
ments to facilitate comparison with the corresponding 
values derived from ballistic measurements. 
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Di^ssion of Magnetic and Electrical 
Properties op Powdered Iron Cores 
The data collected in the tables and curves ffive 

a fairly good idea of what can be done with compreSId 
iron-powder for magnetic purposes. impressed 

powder is compressed 
to 2^,000 pounds per square inch, the specific gravitv 
of the ma® IS 7.4 as compared to 7.6 for solS cast 
iron and 7.85 for solid wrought iron tl! 
ot the unamealed powder at the same 

The greatest change in specific gravity occurs 



1921 1 


COMPRESSED POWDERED IRON 


1349 


below 100,000 pounds pressure per square inch. (cf. 
Pig. 4), With this pressure the annealed uninsulated 
iron has a specific gravity of 7. For a pressure two 
and one-half times as large it is increased only to 
7.4. Although the additional pressure increases the 
specific gravity very little, the maximum permeability 
for the same difference in pressures is more than doubled 
as is shown by Fig. 8. The additional pressure is, 
therefore, very effective in closing up the air gaps 
in the magnetic circuit. It appears also .from Table I 
that high pressure is effective in producing an inter- 
ineshing of distorted iron grains which holds the com- 
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per square inch, but for “higher pressures the change 
is more gradual. It is interesting to note that even 
when the specific gravity is 7. 4 the specific resistance 
of the compressed, uninsulated, powder is 50 to 60 
times that of the solid iron. 

The magnetic properties of compressed iron-powder 
are in general similar to those of solid iron rings, 
in which air gaps have been cut. The magnetization 
curves of Figs. 6 and 7 are sheared to the right as the 
value of the air gap is increased. This is due to the 



increase in the reluctance of the magnetic path. The 
magnetization curve for the highest pressure (Fig. 6) 
is very similar to one given by Ewing for a wrought- 
iron bar cut into eight pieces. 

There^ is quite marked difference between' the per¬ 
meabilities of the insulated and uninsulated powder. 
1 compare the uninsulated powder at a pressure of 
15(h000 pounds per square inch and a specific gravity 
^ ^ material, the specific gravity 

of which is the same, we find that the maximum per- 


Ewing. “Magnetic Induction in Iron and other 
Metals.” 3rd Edition, 1900, page 292. 
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meability and the retentivity of the former is more 
than double that of the latter. The permeability at 
low magnetizing forces shows a similar although 
smaller difference. This difference is presumably 
caused by the way the air gaps are distributed in the 
two types of material. In the grade A cores each grain 
is insulated with a thin film which remains substantially 
intact while the grains are being distorted under thehigh 
pressure. In the uninsulated material it is probable that 
in certain parts of the mass the grains are pressed to¬ 
gether until the air spaces between adjoining grains 
disappear but in other parts the air spaces are fairly 
large; hence the structTire is that of a honeycombed 
mass. 

The maximum permeability recorded for compresed 
iron powder is 545. This is as high a peim^bihty 
as can be obtained with many grades of solid iron as 
is evident from Table VII. In this table are ^ven 
the maximum permeability, and the pemeabihty 
for H = 0, for several kinds of iron and steel as tested 


TABLE VII. 

Permeability 
__- 

Kind of Material Maximum 



Electrolytic iron, wrought 

7,800 

Poor gTSide of cast steel, 

Poor grade of east steel, 

Cast iron, annealed.. • • 

Cast iron, unannealed. 

Iron powder, annealed, un¬ 
insulated, compressed 

710 

170 

620 

240 

with 254,000 pounds pres- 

Iron powder, nnannealed, 
uninsulated, compressed 

540 

with 254,000 pounds pres- 

156 

sur© «•••••••“* 

Grade A iron-powder cores. 

156.5 

57.2 

fC “ • 

« 0 « “ “ • 

48 


250 

151.5 

58 

175 

69.4 


80 


52 
54.S 

30.2 

26.3 
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by Gumlich and Rogowskii^, and also for several 
grades of compressed iron-powder as tested by the 
writers. For grades B and C the tabulated values 
of maximum permeability are those obtained with 
the highest magnetizing forces at which the coils were 
tested. At the magnetizing force of fl = 60 the per¬ 
meabilities were still slowly increasing. 

The permeabilities of grades B and C are practically 
constant for flux densities below B = 100. For 
grade A this is true below B = 50. For flux densities 
below B = 10 there is no change in permeability that 
can be detected by accurate bridge measurements. 
This constancy is one of the important properties 
which makes our core-material useful for magnetic 
purposes. 

The change in a-c. permeability when the cores 
are subjected to high d-c. magnetizing forces (c/. 
Fig. 17) is less for grade B than for grade A material. 
With a d-c. force oi R = 45 the a-c. permeability of 
grade B is 85 per cent of the initial. When the force 
is removed the permeability returns to its original 
value. For grade A cores, with a d-c force of H = 35, 
the a-c. permeability is decreased to 70 per cent of 
its initial value ahd returns to 96 per cent when the 
d-c. force is removed. 

For purposes of comparison it may be noted that 
in the case of 65-permeability iron-wire cores, which 
were mentioned above as standard prior to the develop¬ 
ment of the powdered iron, the stability is less than 
that of both grade A and grade B material. In the 
case of 65-penneability iron-wire cores the a-c. per¬ 
meability may decrease to as little as 35 per cent 
of its initial value when a d-c. magnetizing fo'ce of 
fl = 45 is superposed. When this superposed force 
is removed the permeability returns to only 62 per 
cent of its initial value. 

From Tables IV, V and VI a comparison may be 
obtained of the present standardized grades of pow¬ 
dered iron as to the energy losses due to hysteresis. 
It will b e noted that for flux densities below B = 10 the 

17. E. T. Z. February 23, 1911. 
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energy loss in grade A is approximately double that 
of grade B or grade C. 

For the pilose of the desi^ and operation of 
telephone equipment it is convenient to express energy 
losses implicitly in terms of an increase in effective 
resistance rather than explicitly, since the effective 


Fig. 19 

resistance is a determing factor in the calculation of 
attenuations. Table VIII is added to permit a com- 
panson of grades A, B and C in terms of increments 
m effective resistance. The values, there tabulated, 
represent diffa-ences between the resistance of test 
coils to currents of 800 cycles, and to direct currents, 
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that is represent differences between effective and ohmic 
resistance at 800 cycles. In this table are indicated 
the components of the total increment in effective 
resistance due to hysteresis and eddy currents. The 
separation into components was effected by means 
of equations (7) and (8). The methods is illustrated 
by Figs. 14 and 15, but the actual values used m de¬ 
termining the. tabulated values were obtained from 
the data of Fig. 16, and correspond to the flux densitj, 
of B = 2. 

. TABLE yill. 


Grade A cores 
« B “ 

« C 


Rh 

per henry 


19.7 

5.9 

5.1 


Re Ri 
per henry per henry 

5.4 25.1 
1.7 7.6 
1.2 6.3 


from the r^elations of equation (7). 

CO^MKKCUI, PEODUOT.ON OP f 

Powdered iron Bectric Company at 

large qnantrt® to tiro W to a 

Hawthorne, Illinois. i.n« j per week, 

capacity of 25,000 pound equipment used in 

In Fig. 18 is sho^ some of the equip 

producing electrol^c iron. ^ cathodes 

It shows the electric crane wmg 

with their electrdyticallyjdep^s^^^ eorrespondirig 

tank there are the cathodes only 

number of anodes. ^ time, partly for 

alternate ones are with^ handling, and partly so 
convenience m in the tank will be 1^ 

that the S all the electrodes must 

violently altered than ^ of the 

started fresh 1 J^itehbSd and eontrolfe 

shows the the depi^ited iron 

|^^em!^ed"eath«^^ 
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A cathode with a full weight of electrolytic iron, 
ready for stripping is shown in Fig. 19. 

After being stripped from the cathode the electro¬ 
lytic iron is ground in a Hardinge conical-ball mill. 


Two of these mills are shown in Pig. 20. These mills 
operate with automatic feeders and deliver their 
output to rotating brass sieves (80 meshes to the linear 
roc ). In the illustration the sieves are not seen 
because of their rectangularly shaped iron covers. 
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To the right of this illustration may be seen the an¬ 
nealing ovens. 

The portion of the iron which is to be annealed is 
treated in cast-iron pots which hold about one hundred 
pounds each. Fig. 21 shows, at the extreme right, how 



■ 4 - ;<! iiTit being taken from 

the annealed iron app^^ as 1 of annealing 

the annealing pot. ^ ^ coherent ma- 

the powdered iron IS 

In order to reduce Jhe ^^d ^ notary rcx.- 

annealed product is passeu 
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crusher and a disk grinder. It is then sifted again 
by means of the jigger tables which may be seen at the 
right of the illustration. 

The sifted powder is then rolled with flaked zinc 
in drums. The latter are worm-driven and four of 
them may be seen in the center of Fig. 21. At the 
extreme left of this figure may he seen four somewhat 
. similar drums in which the powder is shellacked and 
dried. These are provided with steam ejectors for 
drawng a current of air through the shellacked inasg 
as it dries and is slowly tumbled in the drum. For 
compressing the finished powder into cores there is 
.used a short-stroke quick-acting hydraulic press which 
is shown in Pig. 22. This press is operated to produce 
a pressure of about 200,000 pounds per square inch of 
surface area of the finished ring. At times this press 
has been operated to give as high as 300,000 pounds 
per square inch. Severe requirements have, therefore, 
been imposed upon the design and construction of the 
steel die in which the material is compressed. The 
dies at present in use have been especially designed and 
treated and their perfection is such that several thous¬ 
and rings may be pressed from a single die before it 
must be discarded because of wear, cracks or distor¬ 
tion. 

The plant which has just been described has been 
in operation for about five years and has produced an 
enormous number of cores which are today widely 
distributed over the United States in the telephone 
plant of the Bell System. 
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HEAT LOSSES IN THE CONDUCTORS^ OF 
ALTERNATING-CURRENT MACHINES 


BY WALDO V. LYON 

Massachusetts Institute of Technology 


Abstract op Paper 

The principal object of this paper is to show how 
liYPerbolic hmetions of complex angles may be applied 
to the solution of the problem of heat losses m rect¬ 
angular conductors that are embedded in open_ slots. 

A certain knowledge of the functions themselves 
supposed. Inasmuch, however, as they ^.reJiandled 
like trigometric functions of real angles—except m 
regard to the plus and minus signs—it is a ®™P^® 

In ftooilirG the requisite teehmeal skill to use them. 

Th^ hyperbolic function of a complex angle, con- 
fi^istinff as it does of a real and an imaginary 

represent a veetor-the real, part being he 
coiMonent of the vector along the horizontal, and the 

""^Siderable experience has shown that the vector ^ 

1. An abstract of this paper was presented 
search Division of the Electri^l f J 

Massachnsetts Institute of Technology Apnl^ 

author's atten^M^ -edit is due especially on 

account of the extensive tables 

numerical computations may ^ .. g. KenneUy. 

Complex Hyperbolic and Circular Functions, 

See also. t qt'O'a Riot-Wound Conductors,” A. B. 

“Eddy Currents in Large blot wo 

Field, Trans., A. I. E. E., Conductors,” W. V. 

“Current Distribution m A^ture t.ona 

Lyon, Electrical World, July ! , ^ ^ ^ Oilman 

Sin^e this present Tr^nC 4. L E. E., 

has presented at the currekt Losses in Armature 

1920, p. 997 a paper entit ed EWyC^e^,^^ 

Conductors.” This pape complete in one respect 

real quantities exclusively, eoLiders the ease of a 

than the one here *“^Lr of strands, 

laminated conductor with a fimte number 

looi 
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problems is much superioi 
tue onginal method la which simple trieono’r-ri <? 

Wd ‘his Son K *Ss 

hand^to dS ’«^itb the probleir 

SLd V ‘he superiority of the v<;’< 

metiic^ even though it employs the possibly unfn -r »Ti i 

&p^d , Thise VpergZc Stors “h" 

woHom^ln^fni ^ “timber of years in the analysis 
inductSfce a-e circuits, which have distrf l>ri 

usefulness fff. °®:P^rtance, and have proved t.l: 
which thev n * another important probletivi 
others will'kppeLtefme^to tima^"®’ 

of ^nv F? wltage dr^p Tn thV topmS 

liaS resistance, aSl to al l si 

element, (Equation 

drSp nrodllJld I? i®'" expression for the vol t.a 

the^SpSanird““ these two ^nations ^il 2 
ments of conductorsThe considered arrang 

expre^ssions similar to equaSns 

can be derived. The M anrl 7 V ^ ’ s^nd. 


W., ® increase m ae capacity at altema 
w current _ generators, it has become more 

r«iof ‘“iportant to determine the e 

elation between the heat developed in any coadv 
e currents that it and other neighborimo- 
duetors carry. Solutions for the distribution of^a 
nating current within conductors that are embesc 
m open rectangular slots have been obtaine<i 
The methods p, 

resulte obtained have heretofore involved tr-ie-< 
metnc and h^erbolic functions of real angles 
this reason the work has been unnecessarily con 
ed, and its scope considerably cramped Had 
investigators used hyperbolic functions of com; 
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angles, they would have accomplished more with 
much less effort. These hyperbolic functions of 
complex angles are such a powerful tool in the solution 
of this current distribution problem that the author 
feels fully justified in presenting this discussion of 
their application, even though many of the results 
have been obtained before. 

At the outset it should be observed that certain 
assumed ideal conditions are necessary in order to 
bring the problem within the range of our mathemati¬ 
cal ability.® Briefly these conditions are (1) that an 
element of current in the slot produces a uniform 
parallel magnetic field above itself and none below 
it; (2) that the current density along any line parallel 
to the bottom of the slot is constant; (3) that the 
resistivity of the conductor is uniform throughout, 
even though more heat is developed in some portions 
than in others; (4) that voltages in the end 
due to leakage flux are the same for every element 

^ ?h“ssumption can be shown to be ^acfly 
• true in the hypothetical case of an infinitely long 

rectangular conductor placed “ is cut into 

rectangular slot of the same width which is 

an infinite medium of infinite P^’^^^hlTsufficiently 

2. The second assumption is different 

accurate, except in tae s2ie slot, a 

currents are placed side by side in the same 

condition which we will not consider. 

3. The heat conductivity of ^opper i^ so ^ ^ ^ 

the temperature ^ 

nearly uniform, except in „,id thus not varj' 

conductors, and 

appreciably from pom P ^ ^ 

multiple layer coils, in suc- 

diflOTnce m desirable to use diferent 

cessive layers that it may o ^ 

resistivities for pJlculations, a considerable 

out this refinement in t e _ ^ radiation 

practical taowledg^^of ,a». 

“-^TBoth A. B. Field and R’ 
conditions in the derivation of their formul 
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in this problem would be necessary, and the final 
result would probably be obtained by making 
successive approximations. 

4. The leakage flux about the end connections* is 
of course much less than that about the embedded 
POTtion of the coils, and is distributed in a totally 
different manner. Any rational consideration of the 
effect of this flux would lead to considerable complica¬ 
tion m the mathematical analysis. Thus for the sake 
of simplicity—a feeble reason, no doubt—it is not 
considered. It is probable, however, that in a great 
many instances this coil-end leakage is of relatively 
minor importance. 


me best test of the value of the mathematical 
deductions based on the foregoing assumptions lies 
m experimental research. The little evidence that 
we now have seems to confirm the theory within 

SeS ® ^hat a more 


to sav th«f physical reality 

^ conductor 

section of of current over the cross- 

to the Twf ^“.hoctor.=< This redistribution is due 
flux within th°e”° orces set up by the magnetic 
wSintTfT ^ conductor itself. Flux that is wholly 
without the conductor links all elements of it equallv 

d 2 noTaferth! 

uoes not affect the current distribution. 

Consider any conductor lying in the midst of others 

as shown in cross-section in Fie A Fnrtw -T ' 
anv plAmoTif 4.U- 1 -rurtner, consider 


* Within the conductor 


3. 


the eddy curTen s produeerbl 
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determined by considerable experimental research. 
With finely laminated conductors, the current density 
is constrained to be the same in, at least, the length 
of a half turn, and the length of the element is then 
that of a half turn. 

The net voltage acting on the element is the sum of 
the resistance drop and the voltage drop due to flux 
linkages. The former is p c; where h is the len^h 
of the core with solid conductors, or a half turn with 
finely laminated ones, p is the resistivity and c is the 
current density—all in c. g. s. units. The voltage 
drop due to flux linkages may be divided into two 
parts; that due to flux set up by the current m the 
conductor itself, and that due to flux set up by curren 
in other conductors in the slot below the one we are 
considering. Any current above 
duces flux that links all elements of it alike, and in¬ 
duces the same voltage in each. The manner m 
which a given current is distributed in any conductor 


d — 

X--' 
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1 1 
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1 

1 1 
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Fig. b 

below the one 

of flux linking fte BCroes 

any flux due to these la_ considering links 

the slot above the <^o"r we are^ co^ 

all of its elements considered. Thus 

rUa^iriirang'the element in question that 
need be taken into account is. 
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^ 1 , linking the element due to a 
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element is a part. The second term is the flux from 
a: to d due to the current within the conductor itself 
from zero^ to x. is the length of the armature core, 
s IS the width of the slot, and w that of the conductor. 
The total voltage drop that need be considered is: 

c = Z: PC 4- — I 4 xn Al— u 

j | (A) 

In a solid conductor this voltage drop is the same for 

every element, and will thus be zero. Also li and 

I 2 are equal. Differentiating e and dividing by L 
gives: 6 2 

p ^ ^ ^ ^ '^b _ 4 T 

2) a; s dt “V 

With finely laminated conductors whose laminations 
are joined at the beginning and end of each half turn, 
the same result is obtained except that Zi and h are 
not equal. Then: 

Jl_ p Ai _ An Ah. _ 4 X 

‘2 £> a: s dt 

With finely laminated conductors whose end turns 
are untwisted and in which the laminations are con¬ 
tinuous throughout a whole turn or a whole coil, the 
voltage in a half turn of any element is as given above 
(Equation A). The sum of these half-turn voltes 

LtTf laminations are 

y ned together must be the same for each lamination. 

drous^amlTn number, n, of resistance 

drops, and an equal number of voltage drops due to 
flux linkages. The resultant drop is 


/ 


(B) 


r* dc 

J ^ c) Z 


5 a: = 0 


B — 72^ p C 




Aith— - - U 

s 


+ % 


U 




w cb X 


hdx 


The current ib, below the conductor of which the 
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hall-t«m element is a part, is not the to the 

diflerent halt-tnm elements. Nevertheless, 
simple mattep to compute the average va 
quantity, «s., l/« ^ uto any airangement ot con- 
1 X T 4 - la nf course, not necessary that the 
“nent .-.’s'should be in phase i^th ea^ 


k 

k 


be 4 TT 


b ig 
bt 


4 TT 


.J 


w 


4^ba: = 0 


^n the'ise of toely — 

twisted in the end conneeWns “ ^^Jination 
tion ot one half turn becomes fte bottom teimn 

linkin^SeLxSf ton of this element is, (Fig. B): 

. - 4,h-^^ 

n ^ * 


rhe first term is the ita t^ SmTthe 

,f i> aarrent from a to d within 

SSuSor itself. The second term may be re- 

jfritten in this wayi 

d /.* ^ kb X 

J^edai-J wcba; J—j- 


c"he voltagedrop in this half-turn element becomes-. 


= Zi p c + 



+ 


Z'* r' 

c 4v r 


w c £> X 


I X 


. f 47r J webx . - 
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w cbx is the entire 


current in the conductor of 


which the element is a part. Represent this current 
by i. Differentiate e with respect to x and divide by 
h. We have: 


lx 

k 


pc + 


4 T 
s 


d ii, 4 IT d i 
dt- s dt 


4 T /•* d c 

-I w 

s J dt 


bx = 0 


(C) 


Thus in every case that we shall discuss, the 
following equation may be written: 


b c b 

b X bt 



b 4 TT 
bt ~ s 



bx = 0* 


p is the resistivity in the case of solid conductors, and 
is the resistivity multiplied by the ratio of the length 
of a half turn to the length of the core in the case of 
infinitely laminated conductors, c is the instantaneous 
current density in amperes per square centimeter 
along a line x centimeters from the bottom of the 
conductor, s is the width of the slot and w, that of the 
conductor. The first term is the differential of the 
resistance drop per centimeter in any element. The 
second term is the differential of the voltage per 
centimeter due to the flux produced by other currents 
in the same slot. As we shall see, is determined by 
the arrangement of the conductors and the currents 
they carry. The third term is the differential of the 
voltage per centimeter due to the flux produced by 
current within the conductor itself below the element 
considered. If the currents vary sinusoidally with 


• equation of tins sort applies only to the eondueto 

in wnien the current density is a continuous function wit] 
resp^eet to a:, such as is the case with solid or finely laminate, 
conductors. When the laminations have appreciable depth th 
current density changes abruptly as we pass from one lamina 
tion to the next. The effect of this is that the vector eonstan 
10 is different m successive laminations. A comparison o 
equations (B) and (C) shows that twisting the end connection 
reverses the effect of the current, ij, below the conductor w. 
are oonsideniig:. 
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the time, the differential operator may be sjnn- 

bolically represented by i co; i = V - 1, “ = 2 t/ 
where/ = frequency. 

The equation may now be written in the complex 
or vector form; 


£> C . 4 TT 60 J- . 4 'IT 60 

dx" “ ^ ~ P S “ ^ ® „ 

Differentiating a second time gives: 




c d X = 0 


( 1 ) 


or: 

where 

or 


d 

d 


ps 


= c 


( 2 ) 


a;“ 


8 TT^wf 
ps . 


a 


- 


8 TT^wf 
ps 


/45° 


The solution of equation (2) may be written in the 

fo™ • 1 ni 

c = A a.x + B smh ax w 

This is a vector equation for 

r.nTn-pnt densitv at a point * centimeters from the 
Sri of the inductor. Th« 

tion A and B are vector quantities are jua y 

determined by the current in the of 

and by the vector 7o to ^ 

equation (3) in equation (1) shows that. 

B = alwlo 

If the depth of the conductor is d centimeters, t e 
current in it is 

Ii = J w cbx 

from which it follows that: 

-^1 — — la tanh I 


A = 


a 

w 


( 


sinh a d 
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Therefore, the general solution for the vector current 
density may be written: 

c = ^ / ^1 a cosh a X 

w d 1 sinh a d 

— had tanh ■— cosh a x ad sinh a a: | (4) 

A numerical calculation is helpful. Consider the 
case of two solid rectangular conductors situated as 
shown in Pig. 1. The 60-cycle currents are each 
1000 amperes but the lower current leads the upper 



Fig. 1 


of a of the 

of a three-phase fractional pitch winding As 

shall presently see h = in this case. 

P 2100 c. g. s. units of resistance 
w = 1 cm. 

s = 1.2 cm. 
d = 3 cm. 

/ = 60 cycles 




we 


a d = 3 \ ^ X 1 X 60 
^ 2100X1.2 

= 4.11/450 
aa: = 2.06/45° 
smhad = 9.12g66.°4 

tanh= 1.41 /r.4l 
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.= 2.24 /84.°l 


^ '——-- . " 

choose h along the horizontal, i. e., with zero 


^^Ho:£c = 2.03 /82.°7 

ehoose h along the 1 

h = 1000 /0° , Jo = 1000 


^ ( (1000 /0° X 4.11/45“ X 2.03^8^ 

^^-X2 /166.°4) - (1000 /60° X 4.11 /45° X 1.11 /1-°41 
^ ^ - 03 /82. “7) + (1000 /6Q° X 4.11 /45° X 2.24 

- '*!) 1 = _ 1 915 /- 39.°0 - 923 /189.°1 

' j 1 X 3 I v 

+ 928 /189.°1 J 



Fig, 2—Cttrbent Densities in Upper Conductor 

Iteferred. to Ji the current densities are; 

amperes . 

Co ~ 1620 / — 77. 5 /—.—_ 


Ci.s = 305 — sq. cm. — 

amperes 

Cm ®* 2490 / 77. _5 — gq^ cm. — 


Ci-B 305 / 
Co 
Ca 


39. “0 


1620 /- 77.°5 
U3 2490 /77.°5 

2 is the vector diagram showing 
^ewsities at the bottom, middle and top of the con- 
etor, together with the total cnrrent in it, Ii, and 

til® current below it. Is. 
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The current density at the center, where a x equals 




a d 

~x 

a d 

sinh 2 



Fig. 2a Current Densities in Lower Conductor 
R eferred to /2 the current densities are: 


Co 


150 / ^ m.°4 


amperes 
sq. cm. 



Ci.6 = 305 / — 39° 


amperes 
sq. cm. 


L 


Cl = 1380 / 45» 


amperes 
sq. cm. 


It depends only upon the average current density and 
the angular depth, a d, and is in no way affected by 
the position of the conductor in the slot. It is the 
same for solid and finely laminated conductors. 

The current density is nowhere greater than at the 
top of the conductor, where it is: 

^ a d + -A Q, 2 tanh ■— j 

(5) 

The ratio of this maximum current density to the 
average is: 
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of a d and the ordinates are M r, Mx, N r f Nx. The 
real portions of M and N, viz., M , and N r, appear in 
the expressions for resistance, and the imaginary- 
portions, Mx and Nx, in the expressions for reactance. 

The voltage drop per centimeter in the conductor 
considered due to its own resistance and to all of the 
leakage flux below its topmost layer is: 



Fig. 4 


The flux within the conductor due to its own current 
and all of the current, h,, below it is: 


<P 




w ebx + 


4 TT d 


h 


s 
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On integration the expression for the flux may be 
written: 



+ (li-lo) } 

The voltage drop per centimeter produced by this 
flux in each conductor below the one considered is 
j CO <p, which may now be written; 


+ ( 8 ) 

The relations expressed in equations (7) and (8) are 
very important since their proper combination will 
give the leakage impedance drop due to resistance 
and leakage flux within the conductors themselves 
for any arrangement of solid or infinitely laminated 
conductors. The reactance due to slot-leakage flux 
which does not pass through the conductors can be 
calculated by well-known methods and need not be 

considered here. - • i 

If the equations (7) and (8) are each multiplied by 
the length of the core, I, they will apply to the em¬ 
bedded portion of a solid conductor, the true resistance 
of which is R, and to the half turn of an infinitely 
laminated one, the true resistance of which is also R. 
Thus (7) and (8) may be written: 

Jp c. = R f } (7a) 


= R{{-^+h)N 


-h (It - lo) O? (P j 


The additional voltage produced in all conductors 
below the one in question by flux within it due to 
its own current is 
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IE' = B I +/o)a/'- /o } (8b) 

Having found the vector impedance drop in the 
conductors of one phase by properly applying equations 
(7a) and (8a), the [effective resistance and reactance 
of that phase are determined by dividing this drop by 
the vector current. The real portion of the result 
is the effective resistance and the imaginary portion, 
the effective reactance. This method, however, gives 
no indication of the distribution of the copper loss 
among the several conductors of the phase. This 
may be of considerable importance, especially in the 
case of solid conductors when the heat developed in 
the topmost conductor in a slot may be several times 
that developed in the bottom conductor. 

The current through a conductor is non-uniformly 
distributed on account of flux within the conductor. 
This flux is due only to the current in the conductor 
itself and to current below it in the slot. Any current 
above the conductor in question has no effect on the 
current distribution within it. The heat generated 
within a conductor depends only upon the manner 
in which the current is distributed. The current 
density is completely determined by equation (1) 
and the total current in the conductor itself. For 
any particular value of Jo (equation 1) the heat de¬ 
veloped by a given current in the conductor does not 
depend upon whether Jo is some particular current 
or some combination of currents. Thus if it is possible 
to find the heat loss when Jo is some particular current, 
we will have obtained a general expression for the loss 
in terms of the current in the conductor, Ji, and the 
constant, Jo, in equation (1). The particular case 
which we will consider is that of a solid conductor 
carrying a current of h with a total current of h 
below it. The special form of equation (1) is then. 


d X 


4 TT CO 
ps 


h 


i 


4 TT CO 
ps 


r w c b X = 0 

■ (la) 


Thus for this arrangement, Jo = Jt. 

The heat loss in the conductor is equal to the total 
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power supplied both to this conductor and to all of 
those below it less the power supplied to those below 
it when the conductor is removed from the slot. The 
addition of the conductor in question increases the 
power supplied to the lower conductors without in¬ 
creasing the heat loss in them on account of its mutual 
inductive effect upon them i. e., as some would say, 
on account of the eddy currents which are produced 
in it by the total current h, below it. The power 
supplied to the upper conductor is, symbolically, 
since Jo = /& 

JiE|JiM+^A/| (See 7a) 

This indicates the product of the numerical values of 
the current, Ji, the voltage applied to the conductor 
and the cosine of the phase angle between them. Flux 
above the conductor produces a quadrature voltage 
and thus does not affect the power. The additional 
power supplied to the conductors below this one is 
symbolically 

hR { + h)N- ha^d^] 

(See 8b) 

The actual heat loss in the conductor is thus 
symbolically: 

JiR } +IiR [ 

+ N - Ib(X‘d‘ I 


This reduces to: 
R 


h^Mr + (Ji.^ -I- ills cos 5) Nr 


(9a) 

where h and Jt are the numerical values of the currents 
and 5 is the phase angle between them. Therefore 
the general expression for the heat loss m any con¬ 
ductor, solid or infinitely laminated, is: 

R\ IiMr + + JiIoCOsS) N, } _ W 

where Ji is the numerical value of the current m the 


5 Mr and Nr are calculated from the data pertaining to the 
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conductor, lo is the numerical value of the vector 
constant in the differential equation (1), and 5 is the 
phase angle between h and /». The ratio of 
alternating-current to direct-current resistance is thus: 

I 19 I I 


K = M 




/o 

h 


+ 


J± 

/l 


cos S 


)Nr 


( 10 ) 


The vertical lines | | indicate that the division is one 
of numerical values and not of vector values. The first 
term iW, accounts for the natural non-uniformity of 
current distribution due to the action of the current 
upon itself. The second term 


lo 

h 


+ 


lo 

h 


cos d^N 


accounts for the additional heating produced by the 
eddy currents” due to the action of 
This equation (lOj enables us to compute the ratio 
of alternating-current to direct-current resistance for 
any conductor carrying a specified current and for 
which a Jfferential equation of the form given equation 
(1) can be bitten. In the case of solid conductors, 
the ratio only applies to the embedded portion. The 
following are the resistance ratios for some of the 
simpler arrangements of conductors. 

1. The heat loss in an open-circuited bar with 
i 6 amperes below it is: 

heat loss = Rh^ Nr (equation 9a, h = 0) 

2. The resistance ratio for the pth conductor of a 
one-coil-side-per-slot bar winding is: 

K = Mr + [ (p-^ (p^ 

= Mr+ (p2- p) Nr 

winHinll® resistance ratio for a one-coil-side-per-slot 
winding having n layers is: 


K =1/71-2 lMr+(p^ 


P)N, 


= Mr + 


Nr 


This IS also the ratio for the lower coil side of any bai 

layers. The upper coil side has 
no eff^t on the resistance of the lower coil side 
4. The resistance ratio for the upper coil side of a 
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two-coil-side-per-slot fractional pitch winding having 
n layers per coil side reduces to: 

K^Mr+(^ +n^cose^Nr 

6 is the phase angle between the currents in the 
upper and lower coil sides. 

By combining this with the ratio just preceding, we 
obtain the resistance ratio for a coil, one side of which 
is above a coil side carrying a current which differs 
in phase by 6. 

The hottest conductor is the one at the top of the 
coil side which has beneath it current of the same 
phase. The fact that, with solid bar windings, the 
heat developed is not uniformly distributed throughout 
the winding may be no inconsiderable argument 
against their use. 

5. Our method of attack enables us to obtain a 
simple solution for the relation between the currents 
in a double squirrel-cage winding. Neglect the 
effect of the end rings. In this case the constant of 
integration, A, in equation (3) is determined by the 
fact that the resistance drop in the lowest element 
of the upper bar is the same as the impedance drop in 
the lower bar due to its resistance and to all of the 
leakage flux which does not link any portion of the 
upper bar. The vector equation for the current 
density in the upper bar may be written: 

c = J±hL cosh ax A ^ sinh a x 

P P 

1 2 ^2 is the vector impedance drop in the lower bar 
per centimeter;® p and Ri are respectively the resistivity 
and the true resistance per centimeter of the upper 
bar whose depth is d centimeters, a is calculated 
for the upper bar. 

The vector current in the upper bar is: 

j, = hh. + I,cosh ad-h 

b Ri ad ^ , 

6. 72 Zi is the voltage drop due to resistance and flux that 
does not link the upper bar. 
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The process of calculating the heat loss in the upper 
bar by substitution in equation (9a) is much simplified 
if we let 


and 


where: 


P = cos ($2 + |8) + cos 5 

til 

Q = ^A— sin (02 + /3) + n sin 5 

Ki 


„ „ ,a sinh ad^ 

■?2 = Zi / 02 ) - m /_§^ ; 


cosh ad = n Jp 

The expression for the loss in the upper bar is: 

URi{[iP-iy + Q^]Mr^PNr\ 

This method of solution for the relation between the 
currents in a double squirrel cage should prove of 
considerable value in any analysis of the design of such 
windings. 

Finely laminated windings may be of three types: 
Those in which the laminations are joined at the ends 
of each half turn; those in which they are joined at 
the ends of each turn; and those in which the lamina¬ 
tions are continuous throughout a single coil. The 
first is like a solid bar winding except that, as noted 
previously, the real resistivity of the copper should 
be multiplied by the ratio of the length of the half turn 
to the length of the core. The resistance ratio then 
applies to the whole winding and not to the embedded ♦ 
portion solely. The resistance ratios for the second 
type depend upon whether the end turn between the 
coil sides is untwisted or twisted. The resistance 
ratio for the third type depends upon whether the end 
turns are untwisted, twisted on one side only, or twisted 
on both sides. One considerable advantage of con¬ 
tinuous laminations is that the heat developed is the 
same in all of the conductors. 

6. Type two: End turn untwisted. The arrange¬ 
ment of the coil sides is. shown in Fig. 5. The heavy 

7. See Table IV, Tables of Complex Hyperbolic and Circular 
Functions. 


1921 ] 


HEAT LOSSES IN CONDUCTORS 


1381 


line across the conductors indicates the same lamina¬ 
tion. The current, h, below the upper coil side may 
be in phase with the current above it or.differ from it 
bv 60 or 90 degrees. The differential equation of tte 
form ( 1 ) applying to this case for the pth layer from 

the bottom is; 


4 TT W 


1) II + li 


_ j ^ ^ ^ 2 J' wc2>a! = 0 

Comparing this equation (1) shows that the vector 
constant h equals (p - 1 ) Ii + -^ ;Ii = nh [B > 


^3 Upper 

B CoU 
Side 

B 


g “H 

Pig. 5 

uter 

ion. 

Heat lose - B ft’ I M. + [P’ - ” + ”7„./41N. 1 

The resistance ratio for the entire ISj)ne ^ 

summation of this expression from p - 1 to P 
It reduces to; v 

/ 7 ^ _ 4 . cos d)Nr 

K=Mr+[ -12"^^ 2 f' 

4 . 1 , no. iTriH turns untwisted. In this 
thXt is Se same in each conductor. 

The di«ercntial equation now becomes. 


4 TT CO 


2l2(P' 


1) Ii + -fa 
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4 TT 0) 
s 


2nJ w c dx = 0 


0 

In this case Jo = ^ 7, + ^^-Making this sub¬ 
stitution in equation (10) gives the resistance ratio 
for the whole coil. 


1 . . 72 . 


K = Mr + 


( 


2n^ 


+ 


T" 


cos e ) Nr 


8. Type two: End turns twisted. When the end 
turns are twisted on one side only the top laminations 

TKa 1 ,-t, corresponding layers. See Pig 6 

The lines across the layers trace the oositinna ' 

cortinuou. lamfaati«„itype tt.S T Z two' 

anTS joined at thet?' 

4 TT CO ^ 


ode 


+ 


S 

d . 

do: ^ 


4 TT 


Cx) 


( (P- 


X) 


+ (p- 1) Nx } - 

- 7* . 

4 TT 

^ r" 

J 

S 

i W Cdx 



+ J 

W eda; 1 =0 

This readily reduces 

to: 


J 


72 

2 

- — 

f) 


op f W Cdx 0 

Notice^ that the mutual effect of the i 
other IS eliminated + • x* ^^y^rs upon es 
(third term (11)). ’ The^S^t*^ connect] 

same for each tuni. n k * 

in the lower coil side but I T ofthecurre 
uumber of layers in, 'the con t 
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K = Mr + - Nr 

9. Type three; End connections twisted on one 
side only. The differential equation of the form (1) is: 


h{id-x)+x + {d- X) 

^ bx •' s +... 




b . 4 TT CO 


4 TT CO 
s 


(d- x) +2x + ^{d- X) 

Lii- jJ ' +. 

s j+a; + 2(d-a:)+3a: 

I +. 


{ n w ci> X + 'yi j 


w cbx ] 




equation reduces to; 

?\ c .47rco/_^\ 


4 TT CO 


c 

M) c h X = 0 
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arrangement of an even number of continuously 
laminated layers whose end turns are twisted on one 
side only gives the smallest resistance ratio of any of 
the cases considered. 

K==Mr-l/iNr 

From the forms of ilf, and AT, this is readily shown to 
be the Mr for a conductor one-half as deep. This 
same condition of current distribution is obtained by 
having an even number of laminated conductors 
side by side in the slots if the end connections are 
twisted on one side only. The resistance ratio is then 
independent of the number of layers in the coil.' If 
n is odd, the differential equation reduces to : 



s p J 

The resistance ratio is nowr • ^ 

. . K=Mr 

conlTtor Tf f a s^ngle soli< 

conductor of the same depth, whereas if there are ai 

the sainras for ! 

form ( 1 ) is; equation of the 

« d c 
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, A. i JLHA Is (d - x) n 
b a; s 


f (d-x) + 2x + 3 (d-«) I 


b . 4 IT w 
b a; 8 


Ii 


+ ■ 

+ a: + 2(d — x)+3x 

+ .... 




_ j {n w e^x + n j wcSa:}-® 

This reduces to; 

M ^JLilL (- 4 ) 

hr. so \ ^ ^ . 


-J 


. 4 TT CO 


S f> 


f 


w 


c b X = 0 


The resistance ratio is: 


n- 


K = Mr+ —4- 


, 2 - 1 


Nr 



Fig. 8 


It is independent of the ^ 

Notice that this is the same ratio as was 

'^Snough illustrations of the mrth^d 

plicity of its ^iPPj'^to^' toofthe resi^^^^^ 
follows a numerical calcu ^ various types. 

. for a given arrangement of 

The winding data are: h P 

per pole per phase, co P length of embedded 

per coil; conductors!. ' ,, game- frequency 60 
portion and of end [urns f e ^ 
cycles, the ratio of width ot copp 

0.6; resistivity, 2100 c. g.s. uni s. 

For solid conductors: 
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ad ^ 1.5 

\ 2100 
= 1.74/45° 

From curve 

Mr = 1.20 
])/r = 0 73 

For laminated conductor : 

ad = 1.5 /HIXWO 
\ 2 X 2100 

= 1.23 7 45° 

From curve 

Mr 1.05 

= 0.20 

nr^ conductors of one phase before 

one pole is shown m Fig. 8. The resistance ratios for 
P _ one are given in the following table for the 

vanous cases considered. • 

TABLE I 

T . Solid Conductors ' RATin 

Lower coil sides (slots o, d, e 

^PPf ; “ ( “ aandb)... 

^ ( candd). « 

Entire winding including end turns. .*;;' I 7 L 

^FINITELY LaMINATED CONDUCTORS TyPE 1 
Lower coil sides (slots e, d, e & f) ’ ® V 

Lpper “ « ( » aandb)...;. 

Entire winding. 2.85 

Twisted (entire winding) . 1.75 

Umwiste^lstoselnddr^"'''' Conductors; Ttpu' 

“ ■( “ a,b,eandf);'.;;;;;;;;;;;. 

^ (entire winding) .. • ou 

Twisted S (entire windingV ‘ ' J‘oOS 

. 1 .™' r“‘» 

g gg ^ bottom conductor is as 

. 2 Q S.3 to 1 . 
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Leakage Reactance Volts. As previously stated, the 
entire leakage impedance due to resistance and slot 
leakage flux lying wholly within the conductors 
themselves may be computed by the proper combina¬ 
tion of equations (7a) and (8a). This method offers 
little or no advantage when calculating the resistance. 

It has been shown that in the case of solid bar winding 
lo equals 1 1 , (equation 8a). Thus it is probable that 
the expressions for j-eactance are similar to those 
for resistance except that M. and N. would replace 
M , and N r. Such proves to be the case. In the c^e 
of laminated conductors, however, there is an added 
term in the expressions for reactance. Consider t e 
general case of a three-phase fractional pitch 'binding, 
a typical arrangement of which is shown in ig. • 
Th^ will usually be slots in which both coil sides are 
in the same phase. There will also be slots in which 
the top coil side is in phase one, 
lower coil side in phase two, together 
number of slots in which the lower coil side is p 

^al^o^JphasfcaTe^rJ^ will be slots 

i-v Q i-n -f-Vip windiiific illiistrs-tiGd in 8. 

S: r nS “ S iTyers /er coiUide and B the true 

resistance oJ the conductors oonsi m^ 

1 , Solid inductors FJ 

equations W the impedance directly. 

Sid’cond^tors^he^^^^^^ 

^ ’’Tr^cto^pSonte the impedance is: 

T3 r ! n — 1 ^ 

B f 2 ^ 


Z = 


2 n 


N 


) 


I 
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1 ) ^ 

+ {1/2 + JO . 

The first term is the summation of the 

(equation 7a) divided by the current; the 

IS the summation of the reactive drops 

produced m each of the (p- i) conductors * 

pth conductor (equation 8a) by the flux wi< 

latter. 

This reduces to: 


Z = R I if + 


4n^- I 


N 


K O j 

The resistance is the real portion of this 

and the reactance the imaginary portion. a'’h i ais: 


-■-Si Jf,+ -iliziiv. 


^ - R { M. + „ I 


3 / 

in^nai?^’^ pitch slots (take] 

"edrnSrrduc^to^^^ The expression for the iin 
R 


Z = 


) 

I 

+ 2[if + ^iv] 

j 
n 

1 

"i- 71 0 J zv 

I 

-+- j| ^ 

+ 2^p-i)[4 + (?i-i:> Jf ^ y 
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The first two terms are respectively the summations 
of the resistance drops per ampere (equation 7a) in 
the upper and lower coil sides; the third term is the 
summation of the reactive drops per ampere produced 
in each of the (p — 1) conductors below the pth 
conductor of the upper coil side (equation 8a) by the 
flux within the latter due to its own current and all 
of that below it in the slot; the fourth term is the 
reactive drop (equation 8a) in the lower coil side due 
to the flux within the coil side above it which carries 
a current having a relative phase angle of / — d ;. the 
last term is the summation of the reactive drops per 
ampere produced in each of the (p — 1) conductors 
below the pth conductor of the lower coil side (equation 
8a) by the flux within the latter. 

This reduces to: 

Z = R I M + I ^ cos 0 ) iV } 


■ The resistance is: 


^ r ,, ./ 5v}-2 , 

r = R|M, + y 0 "I" 


The reactance is: 




cos 6 


)n.} 


\ 

! 


r = R I M. + ( ^ ^ 

This expression is general for both fractional and full 
nitch slots. For the latter 6 equals zero. 

^ 3. Finely and continuously laminated condurtors 
(tvpe three) with untwisted end connections. Con- 

pitch slots in which the currents m the coil sides l 3 nng 
CL aame dot differ in pha« by P - ^ 

R is the true resistance of one coil. In this case 


lo = 


n— 1 


/x + 


2 


here I 2 is the current in the lower coil side. 


Z = 


R 
2 n 
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1 

+(p-i+«/_i-^-^),=i.] 

+’‘2[(^ +V/-^«+^)" 

1 

+ ( (p - 1) + n- 

1 

j-{ ^ 1 ra—1 n / 6 \ '-ii 

The first term is the summation of the resistance drops 
per ampere (equation 7a) in the upper and lower coil 
s des. Due to the fact that laminations are continuous 
the current distribution is the same in each conductor 
of the coil. Thus the resistance drops are also the 
same for each conductor. The second, third and 
fourth terms respectively correspond to the third, 
fourth and fifth terms in the preceding case. 

This reduces to: 


The resistance and reactance are respectively the real 
and imaginary portions of this expression. Thus: 
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R { M. + 


2n^-i 

4 


COS 6 \N, 


+ _A!L_J_ o: I 

1 a: IMs the square of the numerical value of a, viz., 

8 TT^ w f 
ps ■ 

4. Finely and continuously laminated conductors 
(type three) with end connections twisted on both 
sides. Consider the general case of symmetrical 
pairs of fractional pitch slots in which the currents 
in the coll sides lying in the same slot differ in phase 
by 9. Due to the twist in the end connections the 
current density is the same at points equally distant 
from the bottom of half of the conductors, and from 
the top of the other half. The expression for the 
flux within the conductor has already been given for 
the first condition. When current density is measured 
from the top of the conductor, the expression for the 

flux within it is: 

This readily reduces to: 

^ 1 0) w ci [ 




The total flux within the conductor including that 
produced by the current, h, below it is: 

= 4- A r(Ii + Io + I.)«^d^ 


-(4 + /.)"} 

The voltage produced in evew conductor below the 
one in question by this flux is. 

R + h + J 

where R is the true resistance of a half turn. 
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For conductors in which the current density is 
given for values of x measured from the top, rather 
than from the bottom, the resistance drop p c is that 
in the bottom element. The flux within this conductor 
then produces an additional voltage in it. In this case 


I 

+ (to - 1) + » /«-2“ / ^ + -g- ) a’ li* ] 

I 

+ (ip - 1) /j^ + n -1- + ^ a 2 J 

I 

~(~r + -T } 

In this expression R is the true resistance of the coil. 
The terms are written in the same order as in the 
previous case. 

This reduces to: 


Z = R {M + 


1 


7n2_ 1 
12 


d—2~ 6 j 
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The method of calculating the impedance should 
now be sufficiently clear. The final equations for 
the impedance of finely and continuously laminated 
conductors whose end turns are tvnste on on 
only are given without showing their detailed con¬ 
struction. 

There are two cases to consider,— -one wi 
number of layers per coil side, and the o 
an odd number of layers. 

For n, even 


Z = R 




For n, odd 


The formulas are given in such detail that it must 
ba e^idr how the affects of 
may be calculated. If there are 
in the currents the heating loss for 
may be calculated as if the others were absent. The 
resulting loss is the sum of the component losses. 
Sstanca ratios fac«ase "i* ‘he 

sho^l? ^ntain 20 ?er - 

I to 2 95 This neglects any skin effect m the enu 

i to /.yo._ ® wobablv be considerable for 

turns which would proDaoiy ^ _ 

these harmonics. It aiso ncgtets 

higher harmonics there would be a marked magnet 

skin effect m the laminations s^ounding the 

which might raise the saturation to such a pomt that 
the fundamental assumptions would no longer hdd. 

The^Lease in the ratio for the embedded port on 
only is much more marked. The ratio for the 
eXdded portion of the entire winding as calculated 

from Table I is 
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4 X 1.93 + 2 X 6.31 + 2 X 7.77 . 

-g-—- = 4.49 

The ratio for the entire embedded portion with har¬ 
monics present becomes 6.73. The ratio of the heats 
developed in top and bottom conductors of slots c or d 

15 8 

becomes or 11.4 when these harmonics are pres¬ 
ent instead of the value of 8.3 as given in the table. 

By making the proper assumptions, this method of 
analysis allows us to account for the hysteresis and 
eddy current losses^ in the armature teeth and core 
due to the leakage flux, the eflfect of which we are 
discussing. Assume that, due to these iron losses, 
each tube of flux lags behind the net current that is 
producing It by the same angle, , 7 . If this be the case 
the reactive drop will lead the resistance drop by 

(t/ 2 -,) radians instead of by ,r /2 radians as we 
nave assumed. 


o;2 = ^ ^ 


/ 2 - ‘n 


~ yJ' 


8 TT^J W 

pT 


^“nSeSeSrentalm^^^^^ determined 

SUMMARY OF FORMULAS 

Solid Coistbuctors 

Ratio -^jtgmatiiig.euiTent, resistance 

Pth conductor from 

• U,™""’'”'*'''*'*' ” !•». or loiter ooil dd. ,rtUi 
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Upper coil side, n layers, two-coil-side-per slot, fractional 
pitcli. 

. r 4:71^- 1 , „ . \ 


Mr + 


+ cos 6 ) Nr 


Finely Laminated Conductors (laminations soldered at 
beginning and end of each turn) fractional pitch^ 

A-C. resistance. 

Ratio D-C. resistance 

End turn untwisted, pth conductor from bottom of upper 
ooil side. 

Mr + [p^ — p + n (p — 1/2) cos 6 + n^/i] Nr 

End turn untwisted, each coil side. 


Mr + 


7 — 4 


H—2“ ® 


End turn twisted, each coil side. 

Mr Hh Nr 

Finely Laminated Conductors, soldered at the beginning 
and end of each coil. Ratio of impedance to direct-current 
resistance is given for a pair of coil sides below one of whi(^ 
is current lagging by 6 and abovethe other current leading by o. 
n layers per coil side.^ 

End turns untwisted. 

M + ( +cosg)A 


H —^ 9 jN 


End turns twisted both sides. 


4 : 71 ^ — 1 2/72 

+-j2- 


-I-g— COS 9 


End turns twisted one side, n even, 

M -4“ + \ ■ 12 

End turns, twisted one side, n odd. 

,, , / lOn^-1 rP 

M + (— j2— 


^-^ COS 6 j (P 


coa 6^ oP (P 


1 Two coil sides per slot, n layers per coil side. thA 

2 Tn calculating the impedance only leakage flux that lies within the 
coMnctoi^ is“^^ Thera are weU known methods for calculating 
the reactance due to other leakage flux. 
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Discussion on “Synchronous Motors for 
Propulsion” (Henningsen), “Magnetic !'', 
EETiES OF Compressed Powdered Iron” iS*' , 
AND Elmen), and “Heat Losses in Condi i , 
IN A-C. Machines” (Lyon), Salt Lake t 
Utah, June 24,1921. 

Wm. J. Foster: There has always been nit>' 
less uncertainty as to proper field of applicat i. • • 
the induction and synchronous motor. I thinl. 
Henningsen’s paper describes the application of 
synchronous motor in this particular case in a nuU 
to justify it. 1 will not review that, but I rcr;'*^ 
somewhat similar case many years ago where ii 
been generally decided that the proper motor for tii- 
generator sets, for transforming alternating tnu ’ ' 
transmitted a distance to direct current for use tn 
Edison three-wire system was the induction iti- ' ’ 
and one of our large companies installed a numlx 
what were then very large motor-generator sets, ''' 
the idea that the induction motor was simpler in 
tion and in that particular application the syii* ^ 
nous motor was not to be considered. Well, il 
not very long before the engineers of that conif* ' 
had come to the conclusion that they would tr> ’ 
synchronous motor, when increasing the size of 
substation and it was discovered—^probably they at > * 
ipated quite well what would happen—^that the '' 
chronous motor was superior to the induction m* 
in certain respects, such as its ability to stay in h* • 
An argument frequently used for the induction no *1 
is that you can get it back into step much easier, 
that particular case it was found that if the pofci i * 
was considerably reduced on the line, as hapi *« 
occasionally the synchronous motor had the alnli 
to carry the load and remain in step, which w«- 
now know is characteristic of the synchronous n>> •» 
with a given excitation. Another surprising diffcri n 
was the convenience^ in manipulation, in starting h , 
as it.was their practise after one set was in opera* i 
to start the other sets from the d-c. end, and it w>, 
have been expected in advance that the switch lUii.* 
be thrown on the induction motor without sen. , 
disturbance. It was found that the only way of »| 
ciding when to throw the switch was to go by the sot«^ j 
and that operatora were throwing in the switch ort t 
induction motor in such a manner that it gave If 
jolts to the system, whereas the synchronous ni»»!f* 
could be put on the line without jolt. Regarding k 
propulsion I wish to say that when the synchro! * 
motor was first suggested it was looked upon as ra*, ^ 
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absurd, but if I am not mistaken there are one or two 
manipulations of the ship where the synchronous motor 
can do a little bit better than an induction motor. I 
hope to see not fewer applications of the induction 
motor but more of synchronous motors or synchronous 
condensers, as I think it will help out the situation of 
generator design very materially especially the steam 
turbine generators of the largest size and highest 
speed. It would be much better for the life of the 
machine and from consideration of the holding together 
of different parts of systems, if the requirement of 
low power factor on such generators could be dispensed 
with, and in the case of the largest sizes that they be 
built for unity power factor. I was pleased in listening 
to Mr. Baum^s paper the other day to find him so 
strongly recommending the installation of synchronous 
condensers in connection with the high-voltage trans¬ 
mission that he is now working on. By such installa¬ 
tion of synchronous condensers I see no reason why 
the generator should any longer be handicapped by 
the requirement of operation at 80, 85 or 90 per cent 
power factor. If that were removed then any given 
generator could be made suitable for operating on 
higher transmission circuits than at present, which 
IS a very desirable feature, i. e., it could be built so as 
to better hold down the potential for a given charging 
current 

F. G. Baum; We have here given an illustration of 
the remarkable application of the synchronous motor, 
and my purpose now is to try to impress on the power 
men the great advantage of adding S3mchronous ma¬ 
chinery to their system. Make your customer put 
them in wherever you can. You are adding to your 
, generating capacity in doing so. The work of design 
will be very much reduced. Everybody today knows 
and says they want a generator designed for 80 per 
cent power factor, another 85 per cent and 50 per cent 
overload. If you will get rid of that power factor 
feature in designing generators, you will make the 
generator cheaper, simpler, and much less liable to 
OTervoltage due to speed fluctuations of the system. 
Every synchronous motor added to the system is an 
asset, adding to generating capacity. 

With respect to Mr. Lyon^s paper. It is a 
peculiar, characteristic of almost all electrical ap¬ 
paratus that it works best when kept in service all 
the time. The reason for that is that deterioration 
li* ^ maximum temperature ranges 

that occur and the number of those cycles that occur 
m a given time. Putting a generator into service, 
loading it up so that it gets extremely hot and taking 
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it out of service every day, is as though you take a 
pipe line out every day and fill it up and then empty it. 
You destroy that pipeline in a very short time and we 
found that out fifteen years ago in our generating 
stations. When the load is light we take a machine 
out of service at night and start it up again, a great 
deal of trouble results eventually from the extreme 
temperature changes. We should keep those machines 

going all of the time. i • 4 . 

Wm. Fondiller: I wish to bring out several points 
in connection with the development of the powdered 
iron core which I think will be of interest. 

The authors have referred briefly to the experiments 
leading up to the present form of powdered iron core. 
It became evident after the work of testing different 
iron mixtures was started, that special testing rneans 
must be devised for determining the characteristics^ in 
order to bring the development work to a conclusion 
in a reasonable time and at a reasonable cost. When 
the number of possible combinations is considered of 
varying pressure, insulating materials, composition of 
iron, fineness, etc., it will be appreciated that a for¬ 
midable problem was presented from the laboratory 


standpoint. 

To meet the situation, special apparatus was de¬ 
signed enabling tests for permeability and iron losses 
to be made without the necessity of applying a wind¬ 
ing to the core rings. These two devices comprising 
a permeammeter and a core loss tester, enabled fairly 
accurate measurements to be made at telephone fre¬ 
quencies with great dispatch. It is hoped to make 
these new testing instruments the subject of a future 
paper. 

Messrs. Speed and Elmen have described the major 
operations in the production of the powdered iron 
cores. It should be understood that in the actual 
carrying out of the processes, great care is needed 
in order to secure the uniformity demanded by the 
close limits imposed on telephone apparatus. This makes 
necessary careful checks on the successive operations by 
means of tests while the material is in process of manu¬ 
facture. In this way it has been possible to keep the 
initial permeability of core rings made from powdered 
iron within a few per cent of the nominal value; 
for example, the permeability of the grade core 
material is regularly maintained within limits of 58db5. 
^ far as I Imow this is not possible with any other 
ferrous material commerically available. 

^ One of the most important properties of the powdered 
iron core is its self-demagnetizing characteristics. 
This is shown clearly in Pig. 17 on the return curve 
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C. A. Copley: It might be of interest to have 
somebody explain why it was that synchronous rnotors 
were not used in the new pumping plant which is 
about 7 or 8 miles from here. I believe it contains 
about 2400 h. p. in induction motors and lifts the water 
300 feet. 

W. E. Thau (read by W. E. Skinner): The author 
has outlined two of the special operating requirements 
of ship propulsion machinery, namely, the torque re¬ 
quirement during rough weather and the torque 
requirement during .reversing, and has shown how 
these conditions can be surmounted by the synchronous 
motor. There is a third special requirement, charac¬ 
teristic, particularly of multiple screw ships, namely, 
the excess torque required by the inboard screw, or 
screws, when making a turn with hard-over rudder 
(by inboard screws is meant the screws toward the 
center of the circle described while turning). In this 
case, if the propeller speed is maintained constant and 
the delivered power unlimited, the torque required 
particularly by the inboard screws is considerably in 
excess of the normal zero rudder requirement, and will 
easily reach 150 per cent or more of the normal. To 
overcome this condition, as far as practicable, the 
steam flow is limited to an amount corresponding to 
from 5 per cent to 10 per cent above normal. With 
the steam so limited, the additional torque required 
by the inboard screws causes a decrease in the speed 
of the propeller and prime mover when the ships is 
making^ the turn with hard-over rudder. With sepa¬ 
rate prime movers for the port and starboard sides, 
this effect is most noticeable, and in such cases the 
speed will drop from 20 to 25 per cent of normal, and 
as the steam flow, and consequently the kw. input to 
the motors is limited as stated, the excess torque will 
amount to 30 to 35 per cent. 

_ Usually the speed of a ship is reduced when running 
m a heavy sea for reasons other than the load condi¬ 
tions on the propeller. Reducing the speed in this 
manner will decrease the excess torque requirements 
to values slightly in excess of the normal capacity 
of the machine. 


these special torque requirements not only influence 
the motor characteristics, but also have an important 
^earing on the generator design as the generator must 
tu/i! capable of maintaining voltage above 

^ breakdmyn point for the excess load conditions. 
1 hese conditions, particularly the rough sea and turn- 
therefore, are the determining factors 
in the amount of generator field current to be carried 
for uninterrupted service. In the ease of the syn- 




] DISC _ 1401 

chronous motor, where special efforts are necess^y l:o- 
obtmn sufficient torque for quick reversals, the genera- 
tor ndd requirement under such conditions is of con¬ 
siderably rnore importance than in the case of a wound 
secondary induction motor drive. As the propulsive 
equipment for a ship is a self-contained unit, the re¬ 
quirements outlined necessitated special generator 
design, and the ordinary maximum rated machine such 
as IS used m central stations, is not applicable. 

ine principal attraction of a synchronous motor 
drive as compared with the ordinary induction motor 
drive IS the unity power factor with its consequent 
d^rease m the cost and weight, as the author states, 
ine third gam mentioned, namely, better efficiency, 

IS 01 little^ importance as the net gain in the plant effi¬ 
ciency is inconsequential for the reason that the exci¬ 
tation for the synchronous motor must be supplied 
through an auxiliary d-c. turbine set, the unit steam 
consumption of which is at least twice that of the main 
turbine through which the excitation for the induction 
motor is supplied. From a ship viewpoint, therefore, 
the economy has little advantage, if any, over the 
ordinary induction motor. 

However, the unity power factor advantage of the 
synchronous motor is equally obtainable by means of 
an induction motor system using a phase advancer for 
power factor correction to unity. The phase advancer 
IS a small, simple, commutating machine, which is 
connected to the motor secondary (wound secondary), 
ihe lunction of the phase advancer is to supply the 
excitation for the induction motor just as d-c. excitation 
IS ^pphed for the synchronous motor. 

thus, the induction motor drive with the phase 
advancer not only provides the advantages resulting 
from unity power factor, but in addition provides the 
superior torque characteristics of the wound secondary 
induction motor for maneuvering, and also obviates 
the necessity for synchronous operation with the 
generator. 

requirements are substantially the 
same for this t 3 rpe of ship drive as for that using the 
synchronous motor, and the net results of weight and 
cost are approximately the same. ^ 

iicsint interest, the induction motor system 

phase advancer has the advantages of su- 
orque characteristics and of dissipating the 
ener^ of reversal in resistance external to the driving 
machinery. Furthermore, the control is simple, hehS 
no more complicated than that for the ordinary wound 
secondary induction motor. ^ wounu 

In connection with the discussion of special features 
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incorporated in the design of _a-c. 
systems, to meet the load requirements of fhip pro 
pellers, it is important to note that no special fea - 
whatsoever must be considered in the ^se ot 
Diesel-electric d-c. system of propulsion. Ihis system 
employs a number (three to six, depending upon tne 
power required) of moderately high speed, small, 
reliable, Diesel engines driving direct-connected a-c- 
generators which supply power to diject-conne • 
motors, the speed of which is regulated in the simpl^u 
and most economical manner by voltage control. 
With this system of drive, the prime movp, generatoi s 
and motors need be designed for only the continue 
normal requirements and no special precautions 
additional material in the machines are necessa,ry to 
keep the motors and generators in step when subjectea 
to the overload torque conditions. The inherent 
characteristics of the machines are such that the latter 
automatically adjust themselves to the abnormal load 
conditions. The overloads are of short duration, 
and no cognizance need be taken of the consequent 

heating. . , j 

Paul P. Ashworth : The question was asked, ^ny 
2800 h. p. in induction motors have been installed in the 
pumping plant 7 or 8 miles north of Salt Lake. i 
had nothing to do with the installation and yet I can 
see fairly good reasons why motors of that t 3 rpe were 
chosen. One reason, of course—the most obvious 
reason—is the matter of cost, that, however, is not 
the controlling reason. Induction motors in pump¬ 
ing plants of that size always operate fully loaded, 
under which condition they have a power factor ot 
somewhere around 85 to 93 per cent,—not a bad Pd^e** 
factor at all. A further point is the character of the 
service—three or four months during the year and this 
during the time of minimum load on the power system; 
therefore, there is at that time a large excess m genera¬ 
ting capacity—^in current carrying capacity. Follow- 
ing out tho suggostiou of Mr. Baum^ that thoro is no 
particular objection, in fact there is an advantage, 
in loading the equipment to somewhere near capacity, 
so from that standpoint the pumping plant having 
induction motors is no disadvantage. 

There is one point that might be mentioned in con¬ 
nection with .our experience here with synchronous 
motors. There is , a certain danger which should not 
be overlooked. We found for example at a large 
mining installation where a hoist operated by a syn¬ 
chronous motor was installed— a large 300 or 400 h. p. 
hoist operating 24 hours a day the year around,— 
that when the brushes on the exciter would begin to 
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spark due to improper setting or inadequate mainte-~~ 
nance, the operator would decrease the exciting current 
to the motor, to reduce sparking, so that instead^ of 
carrying unity power factor the motor was canying 
a power factor of 50 per cent or less,—much less than 
any induction motor would carry under the same con¬ 
ditions. We have found it advisable to ask customers 
using synchronous motors to adjust the excita,tion to 
give 100 per cent power factor under approximately 
full-load conditions, and if possible to throw the 
rheostat handle down the mine or put it where the 
operator was not likely to use it to prevent sparking 
brushes. I merely want to indicate this danger, 
that with the use of the synchronous motor there is a 
possibility of getting very low power factor and thus 
to defeat one of the main reasons for installing syn¬ 
chronous equipment. The entrance of power factor 
into rate schedules will tend to force the installation 
and proper operation of equipment which will main¬ 
tain good power factor. The nature of the service in 
any particular case will determine the type of motor 
equipment to be used. 

S. P. Grace: A few weeks ago I had occasion to 
present a statement to the Public Service Commission 
of the City of New York showing the number of load¬ 
ing coils in use in New York City together with econ¬ 
omies which resulted from their use. In the City of 
New York there are in use 100,000 loading^ coils 
in approximately 198,000 miles of telephone circuit. 

If the same transmitting efficiency had been obtained 
by the use of larger size copper wires there would have 
been an additional investment in the City of New York 
of $25,000,000, representing an annual charge of some¬ 
thing like $4,000,000. You therefore can appreciate. 
the very great savings which have been brought about 

through the loading coils. ,, i tx/t 

A. M. Maccutcheon: I would like to ask Mr. 
Henningsen how they handle^ the synchronous mo¬ 
tor when maneuvering a ship. It is very clear 
how they get the direct reversal, but to anyone who 
has been on a ship coming into a harbor they some¬ 
times have to use two or three speeds coming the 
channel,—forward speed, part speed, full speed, re¬ 
versal; constant changes in the speed of the propellers. 

H. W. Taylor (by letter): In the most general in- 
vestiffation of the problems dealt with in Mr. Lyons 
paper there is no doubt that the use of hyperbolic 
functions of the complex variable afford the simplest 
form of solution. To those, however, who absorbed _in 
practical work, or for other reasons prefer that the 
solutions of their problems should be presented to 
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them if possible in still simpler forms, it is interesting 
to know that all the problems of eddy currents in stator 
conductors which occur in practical work can be dealt 
with by simple algebra. 

In a paper by the present writer published in the 
Journal of the Institution of Electrical Engineers, in 
April 1920 (Vol. 58, page 279) the most general case 
involving the use of the complex hyperbolic functions 
was discussed, but the main part of the paper was de¬ 
voted to the development of algebraic formulas. 

The present occasion affords an opportunity of re¬ 
publishing the principal formulas in a form which 
continued practise with them has shown to be most 
useful. 

The formulas for eddy current losses in stator con¬ 
ductors consist essentially of two factors, the first 
involving the mechanical dimensions of the con¬ 
ductor and the frequency, and the second involving 
the way in which the conductors are arranged in the 
winding. 

The factors involved in the first factor of the formula 
are given in the expression 

n_ 

80 

where h is the height of a lamination or section 
of the conductor in inches 
/ is the frequency in cycles per second 
and a is the ratio in a slot of the copper width to 
the total slot width.’ 

The numerical co-efficient assumes the copper of 
the conductor is operating at approximately 100 deg. 
cent. 

If the height of the lamination is given in centimeters 
the numeric 80 becomes 2. 

The expressions for the second factor of the complete 
expression may be divided under four headings as 
follows: 

1. When the conductors are solid. 

2. When the conductor is sub-divided with solid 
connections at the end of each half turn. 

3. When the sub-divisions of a, conductor are 
continued throughout a coil. 

4. ^ When the sub-divisions of a conductor are 
continued throughout a winding and are successively 
transferred in position. 

Solid Conductors 

Where each lamination may be considered as a 
separate conductor, Ihe extra loss factor for the complete 
slot is given by the formula 
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.45 + 

P^-1 \ 

9 ) 

(1) 

or 


f 

< 9 

-k) 

(la) 


where p is the number of conductors under considera¬ 
tion; in the present instance, the total number of 
separate conductors in the slot. 

If the slot conductors are divided into an upper and 
a similar lower layer and it is required to know the 
separate extra loss factors for each layer, then for the 
bottom layer we have the average loss factor 


D 




( 1 ) 


as before, p being the number of conductors under 
consideration, in this case the number of separate 
conductors in each layer, and for the upper layer the 
average extra loss factor is 


D 




( 2 ) 


When the upper layer carries current of a different 
phase to the bottom layer the last formula is modified 
as follows: 


^ / 4 , 7lp^- l + 6p^sm^^/2 
^ ^5 9 

or the equivalent expression 

„ / 4 4 — 1 -f 3 cos <f) 

^ V 45 9 


(3) 

(3a) 


The former of these two expressions is preferable in 
that it shows directly what reduction in loss is produced 
by a different phase of current in the two layers. 

Sub-Division of Conductors with Solid Con¬ 
nections AT End op each- Half Turn 

The formula for calculating this case consists of two 
parts, the first portion dealing with the eddy currents 
still localized in the section of each lamination and in 
the core portion of the length of it, and the second 
portion dealing with the eddy currents which circulate 
around the various sections and fiow over the whole 
length of the conductor. 

Two new co-efficients are introduced in the second 
portion of the formulas, viz: 

b = ratio of core length to half the length of turn 
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and c = ratio of the total height of the assembled 
laminations of the conductor to net copper 
height in the conductor. 

The first co-efficient allows for the extra resistance 
experienced by the eddy currents in circulating around 
the more extended path, and the second co-efficient 
takes account of the flux which passes through the 
insulation between the sections. ^ ^ 

If now n is the number of sections m each conductor, 
and a given conductor is situated at position p in the 
slot, counting upwards from the bottom, 1, 2, 3, etc. 
the extra loss factor in conductor is given by the 
algebraic expression 


D 


^2 (p2 _ j,) 

3 


+ 


n^-1 ,4 

“9-+ 45 


+ - 1 ) 


4 


+ 


^2 (p2 _ p) 


(4) 


t ^ ‘ 3 

If there are in all, p such conductors uncier con¬ 
sideration, the average loss factor for such a group is 

(p2 _ 1) ^2 _ 1 


D 


+ 




-j- f)2 (n^ — 1) 


4 - 1 , Cp' - 1) 

45 ■■■" + 9 


(5) 


If there is a further layer of p such conductors, 
(p^ — 1) in both portions of the above expression is 
changed to (7 p^ — 1) and when the phase of the_ current 
is different it is replaced by (7 - 1 — 6 p^ sin^ <^/2) 

just as in the expressions (2) and (3) previously given 
for solid conductors. 


Subdivision Continued Throughout A Coil 
The formulas are similar to (4) and (5) just given 
but in all cases the second part of the expression is the 
same for each conductor or for each layer, and a value 
of p is determined for use in this part of the expression 
from a knowledge- of the arrangement of the order of 
the laminations in the successive conductors. , 

The usual arrangement hitherto employed has been 
to have the order of the laminations in the top layer 
reverse of the order of the laminations in the bottom 
layer. In this case the value of p to be used in the 

second part of the expression is ^ ^ if p is 

the number of conductors in each layer. ^ ^ 

In order to avoid confusion this equivalent value lor 
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the complete coil will be written as p in the formula 
about to be given. 

Various improved arrangements were discussed in 
the writer’s paper and equivalent values of P were 
derived for all cases arising in practise, including that 
shown as Pig. 6 in the present paper. It was shown, 
moreover, how the imperfection still existing in the 
coil with an odd number of turns can be remedied. 

The formula for the extra loss factor in the bottom 


layer of a coil consisting of p turns, the conductor 
consisting of n separately insulated laminations is 


(p2 — 1) 


9 ^45 


+ ¥ ¥ - 1 ) 


(P2 - P) 


For the top layer, when the currents in the slot are 
all in the same phase the (p^ — 1) in the first portion 
only of the formula gives place to (7 p^ — p and when 
the current in the bottom portion of the coil is in a dif¬ 
ferent phase to (7 p''* - 1 - 6 p^ sin^ < 3 f)/ 2 ) as in the 
previous formulas (2) and (3). The second part of 
the expression is the same as for the bottom layer. 

Subdivision of Conductors Throughout a 
Winding with Successive Transference of 
Lamination 

This method was described by Gilman in his paper 
before the Institute last year, and the author’s firm has 
used the principle in practical work since 1913. It 
consists essentially of choosing the number of lamina¬ 
tions in the conductor the same as the number of coils 
in the winding, by continuously insulating the lamina¬ 
tions of the conductor throughout the winding and by 
successively changing the position of the laminations 
in the conductor from coil to coil so that each lamination 
occupies each position in the conductor once by the 
'time the winding is completed. _ 

It will be obvious that when the phase relations of 
the currents in the upper and bottom layers are the 
same in each slot throughout the winding, there are 
no losses except those localized in each lamination m 
the core portion of the winding, in which case formulas 
(1), (2), (3) are directly applicable, taking p as the 
number of laminations in each layer or in the whole 
slot as required. . , . 

Where, however, the upper layers of conductors 
are not all influenced by the same phase of currents 
in the lower layers then some extra loss will occur as a 
result of currents circulating between the laminations. 
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The greatest effect will be produced when half the 
upper layers are influenced by one phase of current in 
the bottom layer and when the other half are influenced 
by another phase of current as in a three-phase winding 
with 5/6 pitch. The. extra loss factor, in addition, to 
those calculated from formulas (1), (2), (3) will be 

Db^c^ri^ + 8Q‘^) 

192 Q2 ^ ^ 

where the conductor has n laminations and the 
winding consists of n coils which are distributed over 
Q poles. 

Other cases lying between the perfect and the most 
imperfect one may be readily estimated by inter¬ 
polation. 

Finally, all the above formulas are accurate to within 
a few per cent as long as D) is less than 2. For¬ 
mula (7) is accurate for a much higher value. 

These limits will be found to cover all cases arising 
in practise and the accuracy of the formulas have been 
confirmed by running tests on a number of large 
machines in which temperature detectors have been 
embedded. 

Further at the conclusion of a paper read on the 
same subject by R. E. Gilman at the summer conven¬ 
tion of last year, the results of a number of experiments 
on eddy current heating were given and it will be found 
that the present writer's formulas check up with the 
experiment results in all cases, except where the con¬ 
ductor consists of six sections solidly connected to¬ 
gether at the end and giving an extra loss factor of 
3.225, an arrangement obviously .outside the range 
allowable in practise. 

E. S. Henningsen: In answer to Mr. Hibbard's 
question as to whether it is considered that the syn¬ 
chronous motor is the proper application for all types 
of merchant ships. The answer is, of course, that it 
is not; any more than the synchronous motor or the. 
induction motor can be always said to be particularly 
applicable to any and all installations. There are 
many installations, particularly of small ships where I 
think the d-c. equipment and the Diesel engine drive 
will be found more practical and more efficient than 
either the induction motor or the synchronous motor. 
The d-c. equipment, cannot, of course, compete in 
the large fields. 

In answer to the question brought up in the letter 
read by Mr. Skinner. I was very much interested in 
the scheme that was outlined and I certainly hope 
it has a chance to be tried out. This is a brand new 
field; there is very little information available, and the 
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more methods that are tried out the better the final 
solution will be. This country needs a merchant marine 
and certainly anything that will aid to build up this 
merchant marine and arrive at the best solution ot the 

question is to be desired. , , 

The matter of torque during turning has been alluded 
to in the paper. The requirement here is no ditterent 
with the synchronous than with the induction motor, 
both have to supply torque enough to take care ol 
this condition. This has been covered in the paper. 
In the matter of efficiency, even counting the nmch 
higher rating of the exciters required for the synchro¬ 
nous motor proposition, there results a saving of some¬ 
thing like 2 per cent in the total steam consumption 
for a 3000-horse power equipment. Not a very tre¬ 
mendous saving, but something nevertheless. 

In answering Mr. MacCutcheon s question as to the 
maneuvering: When a ship is coming into gojfj 
out of a port, it is practically always operated at either 
one quarter or half of normal speed. At 
as I pointed out, the torque required by *6 propellers 
is very materially less than that required at high speed, 
herce the control can be arranged with the control 
handle something similar^ to a street car controlkr 
if you like, and the operation or reversal at these lower 
spleds is accomplished in a very short interval of time 
On trial trips on one of our ships we answered 75 bells 
in 234 minutes—quarter speed ahead 
reversed, throwing the lever from_ ahead position 
straight through to the astern position and bringing 
it back almost as fast as a man could operate the lever. 
Even under the full speed condition where we require 
almost 100 per cent of normal torque to reverse, the 
time that is required for full-speed reversal is rather 
remarkable. Using the 250-volt, i. e., total excitation 
across the motor field the propeller is stopped froin 
full speed in 3H seconds and when you consider the 
fStel time that can be made with a steam engme is 
about a minute and a half, and q 

lation, 3U seconds is quite remarkable. _ On a trial 
using only" the induction motor charactenstic witho 
makfng use of the braking characteristic, ■^efulUspeed 
stop was accomplished in 13 

seen that with the lower speed of the ship the reversal 
of the propeller can be accomplished very rapid y. 
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W HEN we discuss the Merchant Marine, or any 
feature thereof, we must not lose sight of the 
fact that we are dealing with a commercial 
undertaking which is probably more highly competi¬ 
tive than any other. From its very nature this must 
be the case, for while each country can make laws to 
assist the merchant ship owners of that country, every 
effort to help them and penalize foreign shipping can 
and undoubtedly will be neutralized by laws of the 
countries with which they are trading. The only 
assistance, therefore, that can be ^ 

outside of providing good port facilities, is to enact 
laws that will assure a good standard for ships and at 
the same time not impose penalties in operation to 
which owners of .other countries are not subject. _ 
So we see that the answer to the question, Who is 
to carry the merchandise which has to be transported 
between the various ports of the world?” rests in a 
great measure with the owners and operators of ships; 
and because electricity makes possible many reductions 
in the cost of operation and at the same time enhances 
the earning power of a ship it is being used to an ever 
increasing extent for driving the machinery on ships. 

On highly efficient new ships, especially motorships, 
nractically all the auxiliaries are driven by electnc 
motors. In the motorship the steam boiler becomes 
an auxiliary and it is apparent that 
in economy secured by the oil engine would be sacri- 
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ficed if steam auxiliary machinery were retained. In 
the steamship, the losses incident to the steam auxilia¬ 
ries are not so apparent; nevertheless, they are there, 
a constant drain on the boilers and a continual handicap 
to any operator or engineer endeavoring to attain 
efficiency in operation. 

It is recognized that a somewhat greater gain in fuel 
economy is generally secured on a motorship by the 
adoption of electricity for the reason that Diesel oil 
engines are employed to drive the generators. Oil 
engines might be used on steamships with a resultant 
reduction of fuel required for all purposes. However, 
there are certain good operating reasons why such an 
arrangement is not generally popular. It would be 
necessary to have an engineering force competent to 
operate and maintain the oil engine. As the pumps 
essential to the operation of the ship’s main engine 
would be driven electrically, any interruption of the 
auxiliary oil engine might seriously interfere with the 
operation of the ship. Fuel oil would have to be suit¬ 
able for the Diesel engine and in some cases this might 
necessitate carrying two kinds of fuel oil on ship with 
the incidental disadvantages. Duplicate equipments 
for heating, storing and filtering fuel oil would have to 
be installed. On a steamship, therefore, the most 
generally accepted practise is to install turbine-driven 
generator sets for auxiliary power. 

At this particular time with the ships of the world 
tied up owing to lack of cargo, with other countries 
bending every effort to improve their merchant fleet, 
and with all men in this country who have the interests 
of our merchant marine at heart endeavoring to see 
.into the future and maintain such advantage as we 
have secured due to the large increase in American 
registry, it would seem that the opportunity afforded 
by this joint meeting should prove of inestimable value, 
as engineering advancement can only be secured when 
a thorough knowledge and understanding of all condi¬ 
tions are recognized by both the manufacturers and 
users of machinery. 

The problem is entirely an economic one. It is 
only because investigations show that the electrically 
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equipped ship can be operated more economically and 
can earn more that the question is being discussed. It 
is the intention of the writer to endeavor to show why 
this is the case. 

Not much information has beei 
to the details of costs of operatic 
indicate that on new ships eleetri 
a marked improvement in the 
and will increase the net eamin 
will show that many existin; 
profitably by the substitutic 
auxiliaries. The reasons for e 
are not at once apparent, 
that the losses are partly di 
leaks and to radiation; in othe. 
which is generated in the boilers 
work that in a great me? i 
fuel consumption of many 

it is recognized that steam is kept on hundreds of feet 
of piping from the boilers to the steering engine all the 
time, and in many ships it is always on all deck lines 
to avoid losses and leaks incident to expansion strains 
from alternately heating and cooling, and in the 
winter time there are often considerable extra losses 
incident to keeping steam on deck machinery to prevent 
freezing; it can be seen that it is not by any means 
entirely due to the inefficiency of steam auxiliaries 
themselves that we get a poor showing, but to the very 
nature of their application, which cannot be altered. 
The size of the evaporators fitted in many steam¬ 
ships is proof of the amount of steam that is made 
by the boilers and passed off into the atmosphere. 

Auxiliary machinery on ships can be readily sub¬ 
divided into two broad t3T)es: 

(a) for deck use, 

(b) for below-deck use. 

The motors most suitable are enclosed, weather-proof 
for above deck, and ventilated for below deck. 

It is not the intention to describe a number of 
different pieces of electric machinery for ships. A 
study of the technical papers shows an ever increasing 
amount of space being given to such descriptions. 
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Thoroughly reliable, simple and substantial machinery 
of various designs has been developed. 

Deck Machinery 

Deck machinery, properly speaking (that is, all 
machinery which is exposed to the elements and which 
must be built with this in view) consists generally of 
cargo winches, anchor windlass, a certain number of 
capstans, mooring winches and sometimes special 
machinery on particular ships. It is true that the 
steering machinery is not generally exposed to the 
elements, but is, however, very often housed in an 
extremely damp compartment. Continuous opera¬ 
tion is vital to the safety of the ship. It will be evident 
that only machinery designed and built for the service 
should be considered for the application. The service 
of deck machinery is of an intermittent nature except 
in some special ships, that is, certain tankers where 
the motors for driving the cargo pumps are mounted 
on deck. 

Electric deck machinery has been developed along 
two fundamentally distinct lines: one, in which the 
motor is mechanically geared to the drums, and the 
other where some form of hydraulic speed reducing 
gear is fitted between motor and drum. The latter 
class seems to have found considerable favor abroad, 
where certain well-known manufacturers have devel¬ 
oped winches using either the Williams-Jenney or Hele- 
Shaw hydraulic power transmission. Electric hy- 
■ draulic power transmission is particularly well adapted 
for steering gear work and has been developed in this 
country. For general winch service the hydraulic 
pump and motor are excessively costly. A brief com¬ 
parison of winches developed abroad and in this country 
would indicate as follows: 

(a) That the speeds for given load are somewhat 
lower for the foreign-made winch. A drum speed of 
approximately 175 ft. per minute for 5000 lb. and 250 
ft. per minute for 2000 lb. would seem to be good prac¬ 
tise. 

(b) Certain manufacturers abroad have developed 
very neat worm-driven winches. These if properly 
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built should be very quiet and from the descriptions 
appear to be quite compact. The writer does not know 
of any winches of this type developed in this country. 
One particular merit of such a winch is that the gear 
is readily encased, lubricated and protected from the 
action of the weather. 

(c) From several descriptions there appears to be a 
tendency abroad to operate the motors by contactors. 
While this arrangement has much merit, it takes up 
additional space and costs more to install. In one 
description it is stated that the contactor controller 
is below deck. This, of course, is possible only in 
certain cases. Where the winches are located over 
the cargo holds special space must be provided on 
deck for the control panels and this space, of course, 
must be properly enclosed. 

(d) There would seem to be a tendency on the part 
of the foreign winch manufacturers to considerably 
complicate the motor and control by the addition of 
special safety devices. In the writer's opinion this 
will be found undesirable. One manufacturer in 
this country who has fitted about two hundred electric 
winches on ships during the past five or six years 
claims that special safety devices are not only unnec¬ 
essary but are actually undesirable. For the reason 
that it must be kept in perfect operating condition at 
all times so as to function properly when called upon 
at infrequent intervals, it will be recognized that ap¬ 
paratus for.such service is the most difficult of all to 
maintain. It must be remembered that winches are 
operated in various parts of the world by longshoremen 
at the ports and not by the personnel of the ship. 
Experience indicates that properly designed and sub¬ 
stantial equipment is entirely suitable for the service 
and does not require complicated safety-guarding 
features. 

(e) With the majority of foreign-built winches it 
would appear that a handwheel is used for operation. 
This necessitates a tiring and unnatural movement 
on the part of the winch man. The natural motion 
and therefore one which can be carried on for hours at a 
stretch without unduly tiring the operator is similar 
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to working a pump handle, that is, to control by means 
of a lever raised to raise the load and depressed to 
lower the load. 

For gear winches the series motor or compound- 
wound with very small amount of shunt winding is 
the most desirable. Fig. 1 shows how the natural 
characteristic of the series motor makes it most suitable 
for winch service. It is found necessary to throttle 
the steand winch at light loads to reduce the speed. 
In practise, therefore, it approaches more nearly the 
speed of the electric winch. Many winches are fitted 
with winch heads. When handling cargo with these 
instead of the drum the rev. per min. will run up some¬ 
what. However, the winch head being of smaller di- 



Fig. 1—Characteristic Curves of Electric and Steam 

Winches 

ameter than the drum, it is generally found that the 
rope speed on the winch head will be about right. 

For all service using hydraulic gear, constant- 
speed motors are used, either alternating-current or 
direct-current. 

Of all the electric apparatus aboard a ship the 
winch is subject to the most abuse. Everything about 
it, therefore, should be designed, manufactured, and 
installed in the most substantial and workmanlike 
manner. 

Specifications for electric deck machinery should 
cover the following: 

l' Insulation should be as highly moisture-resisting 
as it is possible to get by the use and treatment of the 
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best materials. This applies not only to windings but 
to all bushings, brush holder collars etc. which if 
hygroscopic are liable to result in grounds. 

2. Motor frames should be thoroughly cleaned and 
painted on the inside to prevent so far as possible 
scale forming by coiTOsion., 

3. Covers for inspection openings should preferably 
be hinged and arranged so as to clamp tightly. On all 
apparatus, motors, resistor boxes, controllers, etc., 
if it is impracticable to hinge the covers they should be 
attached by swinging bolts. Cap screws or cap bolts 
should not be used as they are liable to be dropped 
into the motor or left on deck and lost. 

4. Bearings should be designed to prevent so far as 
possible ingress of water and egress of oil due to rolling 
of the ship. 

5. All apparatus should be provided with some form 
of drain. It must be recognized that while machinery 
may be built in the factory so water-tight that it can 
be submerged, there is no assurance that this condition 
will exist after it has been once opened on deck. Fur¬ 
ther, any totally enclosed electrical apparatus is liable 
to breathe under varying temperatm-es which may 
result in an accumulation of moisture by condensation. 

The cost of good electrically fitted machinery in¬ 
stalled should be little, if any, more than that of high- 
grade steam machinery. Of course, until apparatus 
reaches a stage of standardized production the costs 
cannot be materially reduced. It must be remembered 
that while in steam machinery all kinds of economies 
may be practised at the cost of quality, in electrical 
apparatus built to withstand marine conditions and' 
severe service a departure from the highest grade is most 
certain to be followed by failure and consequent cost 
to the operator. The making and insulating of electri¬ 
cal machinery cannot be materially hastened, as the 
successive dryings or bakings of the insulation must be 
given proper time—otherwise, it may be imperfect. 
The insulation in a marine motor must be moisture- 
resisting to the maximum practical extent—otherwise, 
it should not be deemed proper for the service. 

Fig. 2 shows a deck winch developed in this country. 
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several of which type will shortly be installed on ships. 
This winch is a radical departure from the generally 
recognized designs using either spur or worm gearing. 

Electric steering gears have been developed for 
mechanical control of the rudder. For these the service 
is extremely intermittent, operating from two to ten 
times per minute, which means that the motor would 
be started, stopped and reversed thousands of times 
during one voyage. Such gears require the installa¬ 
tion of a motor of sufficient torque to swing the rudder 
to the extreme angle, whereas during most of the time 
a very small amount of power is required. This means 
loss in efficiency as the motor is operating nearly all 
the time very much underloaded. 



Fig. 2—New Type op Electric Cargo Winch Having the 
Reduction Gear Inside the Drum 

For controlling the steering gear from the pilot house 
two electrical means are available, follow-up and non- 
follow-up. The first entails considerably more wiring, 
a multiple switch in the wheel house, a more com¬ 
plicated control in the steering engine compartment, 
and has the disadvantage of moving the rudder step 
by step a definite number of degrees. By the non¬ 
follow-up means the rudder can be moved by fractions 
of degrees in either direction; its use, however, calls 
for the installation of a rudder indicator in the wheel 
house. A device has been worked out to show posi¬ 
tively the position of the rudder at any instant, using 
simple means already developed. 

Special Deck Machinery. There are many special 
applications of electricity to machinery for shipboard 
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not normally included as part of the regular equipment 
of a cargo ship wherein the use of electricity is particu¬ 
larly well suited. By the proper application of 


Fio. 



.3—Mahine D-C. Motob—Enclosed, pok Operating 
Decic Machinery 



Fig. 4—Marine Controller for Deck Machinery Motors 


principles already worked out, it will be found that 
towing engines, mooring winches and other special 
pieces of machinery can be built to operate electrically 
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in a very simple manner and with as great, or greater, 
reliability than steam machinery already developed. 

The following is a table of deck machinery which 
with slight modification would be applicable to ships 
of any tonnage between 8000 and 10,000 tons dead 
weight. It should be borne in mind that the size of 



No. 

units 

Assumed 
motor 
h. p. 

Duty 

Anchor 

Windlass 

1 

70 

Very intermittent, severe 

Often submerged 

May be stalled in operation 

Cargo 

Winches 

12 

35 

Intermittent 

Fast cycle, severe duty 

Sometimes submerged 

Wide range in loads and speeds 

Steering 

Gear 

1 

35 

Seldom fully loaded 

Severe intermittent duty with mechanical 
gear 

Moderate continuous duty with hy¬ 
draulic gear 


TYPES DEVELOPED (ELECTEIC DECK MACHINERY) 



Drive 

Motor 

Speed Control 

Anchor 

Spur-gear \ 

Reversing 

Electric 

Windlass 

Worm-gear / 



and 

Hydraulic 

Constant-speed 

Hydraulic 

Capstan 






r ■ 

Reversing 

Electric with electric brake 





(general use) 




U 

Electric with mechanical 





brake 

Cargo 

Worm-gear 


Constant-speed 

Mechanical brake and clutch 

Winch 




(free drum winch) 


Spur-gear 


U ti 

Mechanical brake hoisting 





and lowering clutches 




u u 

Reverse gear and brake 




u u 

No speed control (winch 





head only) 


Hydraulic 

Constant-speed 

Hydraulic 

Steering 

Spur-gear 

Reversing 

Electric Remote 

Gear 

Worm-gear 

iC 

<1 « 


Hydraulic 

Constant-speed 

Hydraulic “ 
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the cargo winches is based upon the best practise for 
general cargo and therefore does not vary greatly with 
the size of the ship. The number of winches, however, 
has to be modified to suit the number of hatches and 
derrick booms of the different ships. 

Below-Deck Machinery 

It should not be necessary to emphasize the im¬ 
portance of fitting equipment of proper, design and 
of the highest grade material, particularly pumps 
vital to the operation of the ship and which must be 
relied upon to operate continuously day and night 
for weeks at a stretch. ■ 

The greater part of the electrical machinery below 
deck is naturally located in the engine room._ ^ The 
following table gives a list of below-deck auxiliaries 
suitable for a cargo ship of about 8000 to 10,000 
dead weight tons and equipped with 2500 to 3000 
shaft-h. p. steam turbine. A motorship requires some¬ 
what fewer auxiliaries, and slightly less power is nec¬ 
essary for driving them. Tankers require a number 
of motor-driven pumps for discharging the cargo. 
These may be installed either in a special pump room 
or arranged with the motors on deck with vertical 
shafts to the pumps below. It will be noted that in 
the list there are only five sizes of motors. That is 
with the intent of simplification and to reduce the 
number of spare parts to be carried. A study of par¬ 
ticular cases may show that it is possible to arrange 
satisfactorily the engine room equipment so as to 

have still fewer sizes. ■ j t 

Motors for these auxiliaries should be designed for 
continuous running, because while certain pumps 
may be started and stopped frequently, the service 
cannot be considered intermittent. _ 

In the engine room, and in fact even if placed in 
the lowest part of the ship, totally enclosed motors 
are not recommended. For continuous operation 
they would have to be excessively large. With the 
changes in the atmosphere that take place below me 
water line, enclosed motors would be more liable 
to sweat and accumulate moisture internally than it 
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BELOW-DECK AUXILIARIES 



No. 

units 

Assumed 
motor 
rating 
in h. p. 

Duty 

Propulsion 




1.. Circulating pump 

1 

40 

Continuous at sea 

2. Boiler feed 

2 

25 

One continuous at sea 

3. Forced draft fan 

1 

20 

Continuous at sea 

4. Condensate 

1 

5 

Continuous at sea 

5. Lubricating oiL 

2 

5 

One continuous at sea 

6. Oil cooler water 

1 

5 

Continuous at sea 

7. Fuel oil 

2 

5 

One continuous at sea 

8. Fuel oil trans. 

1 

5 

Intermittent (assume 4 hr. 
per day 

Service 




9. Fire and bilge 

1 

10 

Intermittent (assume 6 hr. 
per day 

10. General service 

1 

10 

Intermittent (assume 6 hr. 
per day 

11. Sanitary 

1 

5 

Intermittent (assume 12 hr. 
per day 

12. Fresh water 

1 

5 

Intermittent (assume 2 hr. 
per day 

' 13. Refrigerating 

2 

■5 

One continuous at sea 

14. Evaporator 

1 

5 

Intermittent (assume 3 hr. 
per day 

15. Ballast 

1 

10 

Intermittent (assume 4 hr. 
per day 

16. Work shop 

1 

5 


17. Oil purifier 

1 

5 


18. Galley 

1 

5 



well ventilated. In general, enclosed self-ventilated 
motors are recommended for the reason that they are 
often located in congested places, where if open they 
would be liable to mechanical injury and in addition 
would have to be protected from dripping water. 
However, as electrical machinery when open is more 
readily inspected and kept clean, it is not essential 
that the motors be enclosed if located, e. g., on a 
gallery and properly protected from dripping water. 
Such motors should be screened to prevent rats eating 
the insulation. On tankers, if the cargo pump motors 
are of the direct-current type and are located in a 
special pump room, they must be provided with some 
means of ventilation which will insure all explosive 
gases being driven off before the motors are started. 

The motors in the engine room should be insulated 
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with the same care and the castings as thoroughly 
cleaned and painted as the motors on deck. The 
insulation on all marine electrical apparatus should 
be made as highly moisture-resisting as possible. 

As illustrating the adaptability of electrical appa¬ 
ratus, the writer recently saw a report from a chief 
engineer which stated that when the steam engines 
on his circulating pump and dry vacuum pump broke 
down he replaced them by two deck winch motors. 
The drive was so satisfactory that he intended to re¬ 
commend that it be made permanent and inciden¬ 
tally the ship burned 1J4 tons of fuel oil per day less 
after the change. 



Fig. 5—Marine D-C. Motor—Enclosed, Ventilated, 
POR Operating Below-Deck Machinery 

Control. It would seem desirable that the means 
for starting and stopping each motor be located directly 
adjacent to it. Such starters are relatively inexpen¬ 
sive. They should be very substantial and moisture- 
resisting. Thin sheet iron shouldnotbeused, especially 
on any part of the construction which cannot be readily 
painted, as after a short time it is liable to rust and 
may be the cause of serious trouble. 

On steamships the motors on the circulating pump, 
lubricating oil pump^ boiler feed pump, hot well pump, 
balancer set or lighting motor-generator set if any. 
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and steering gear, should be fitted with starters so 
that when power is restored after an interruption these 
particular motors will immediately start up automatic¬ 
ally. The other motors can be restarted by the en¬ 
gineer at his convenience. 

Generating Units. A study of the installations on a 
number of cargo ships of various tonnages indicates 
that on a steamship 150 kw. would give ample power 
for the deck machinery when in port and for the en¬ 
tire engine room equipment when at sea. On a motor- 
ship about 75 kw. is necessary at sea. Therefore, 
on cargo ships of about 10,000 dead-weight tons, two 
150-kw. steam turbines or on the motorships three 
75-kw. generator sets would give ample power with 
one unit for a standby at all times. The auxiliary 
power in many cases will be much greater than 150 kw. 
e.^., refrigerator ships and ships fitted in part for pas¬ 
senger service. The larger the amount of auxiliary 
power the greater the reason for highly efficient aux¬ 
iliary turbines. Some studies have shown require¬ 
ments for auxiliary power as great as 1500 kw. 

Small steam turbines should be substantial and 
simple as they will be classed as part of the propelling 
machinery and therefore vital to the safety of a ship. 
In sizes of 150 kw., and even smaller, gear reduction 
would be recommended, as the best direct-current 
generator operation cannot be expected at the speed at 
which the turbine should run in order to get good 
economy. It is expected that these sets would be 
more substantial and conservative than sets of similar 
capacity for land service where they are at all times 
readily accessible. 

For the reason that on shipboard there is always 
possibility of scale or salt passing to the turbine from 
the boilers it is preferable for the governor to control 
the speed by means of an oil Servo motor. AH parts 
should be readily accessible. Even with the greatest 
care there is always liability that the lubrication may 
be momentarily interrupted, and as the bearings 
should be examined before the machinery is placed 
in service they should all be readily removable for 
inspection. An overspeed or emergency governor of 
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the simplest and most reliable type should be fitted. 
Very specific and simple instructions should be issued 
to show the operating engineer the necessity of testing 
the governing mechanism periodically and assuring 
himself that it is in perfect operating condition. 

The Most Suitable Electric Power. 

All references indicate that at the present time direct 
current is being generally adopted for auxiliary power 
on merchant ships. Some time ago there was con¬ 
siderable discussion as to the relative merits of alterna¬ 
ting current and direct current. The following tab¬ 
ulation will show why direct current is being used to the 
greater extent: 

CARGO SHIPS 

Direct Current 

'Arguments for Arguments against 

1. Simple wiring. 1* Commutators reQuire some at- 

2. Any speed control easily obtained. tention. 

3. Equally suitable for continuous 

and intermittent duty. 

Alternating Current 

1. Lower cost of motors andgener- 1. Wiring more expensive. 

ators. 2. Unsuitable for variable speeds 

2. Absence of commutators. necessitating hydraulic or 

other gear for winches and 
windlasses. 

TANKERS 

Direct Current 

1. Simple wiring. 1- Commutators require some at- 

2. Equally suitable for continuous tention. 

and intermittent duty. 2. Little necessity for variable- 

3. Speed of cargo pump can be speed motors. Special cases 

varied to suit pressures and could be fitted with hydraulic 

most efficient rate. or direct-current power furn¬ 

ished from small motor-gener¬ 
ator set. 

3. Special precautions must be 
taken to ventilate motors in 
tank room. 

Alternating Current 

1. Lower cost of motors and genera- 1. Wiring more expensive. 

- 2. Special motors necessary to 

2. Absence of commutators, particu- change speed, 

larly desirable in pump room. 

3. Cargo handled by constant speed 

pumps. 
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It would seem that for cargo ships direct current can 
be used to the greatest advantage. On tankers this 
is not so apparent. 

Except in the smaller ships, it is desirable to use 
not less than 230 volts. The lower voltage necessi¬ 
tates large or more expensive control; also the cost 
of wiring and switches is greater. 

For lighting, the arguments seem to be in favor of 
115 volts. This necessitates the installation of a 
small 115/230-volt motor-generator set. The use of 
inca,ndescent lamps for 230 volts is not recommended. 
They are of necessity built with a very fine filament, and 
are, therefore, less substantial and further are not easily 
procured in seaports. 

Wiring and Installation 

It is impossible to speak too forcibly on this subject. 
A great deal of critcism of electrical apparatus when 
thoroughly investigated has been found to be directly 
due to faulty, careless, slipshod methods of wiring 
and installation. Care and attention have been given 
to choosing apparatus, but the method of installa¬ 
tion, the kind of wire, and many details of vital im¬ 
portance have been left to the wiremen’s discretion 
with the inevitable result. 

It is not the intention here to suggest that definite 
rules be laid down. Each engineer must work out 
his own particular problems. Certain underlying funda¬ 
mentals, however, can generally be applied. The 
following are recommended: 

That the wiring and distribution in the engine 
room be made as simple as possible, with relatively 
few circuits. 

The switchboard should be largely a distribution 
panel designed with the idea of attaining maximum 
simplicity and occupying the least amount of engine- 
room space. 

Circuits may be led from this distribution panel 
to different parts of the ship where they may be further 
subdivided, as e. g., five circuits for deck machinery 
No. 1 to the steering engine. No. 2 to the after hatches 
No. 3 to the forward hatches. No. 4 to anchor windlasses. 
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and forward capstans, No. 5 to after capstans. This 
will permit opening all the winch circuits when at sea 
and also allow for thorough inspection and try out of 
the capstans, anchor windlass or steering engine when 
in port even if cargo is being handled. 

In the engine room, a similar method may be applied, 
one circuit to the engine room auxiliaries, port side and 
another to the starboard side. By such simplification 
it will be possible to obtain low cost with maximum 
reliability. 

Cables should not be run in conduits except perhaps 
for very short lengths where necessary for mechanical 
protection. Cables in the engine room should be run 
overhead. All cables should be thoroughly anchored 
so that the covering will not be chafed due to vibration. 

Operation 

To study the relative merits of ship’s ■ auxiliaries, 
it is necessary to consider the part which they play 
in the economic operation of the ship. 

For certain special types of ships designed, and 
built to operate for some particular service, such as 
tankers and lake ore carriers, it is not difficult to 
show definitely why a certain installation will give 
the best return on the investment. 

In the cargo ship, however, the problem is not so 
clearly cut. While it is true that a certain number 
of ships may be designed with the intention of travel¬ 
ling particular trade routes and handling a special 
cargo it is often found that their schedule must be 
modified. Therefore, the general cargo ship must 
be built to handle all kinds of cargo and at best, there¬ 
fore, the apparatus with which it is equipped is some¬ 
what of a compromise. 

It is not possible to make any exact general state¬ 
ment as to the proportions of the various items consti¬ 
tuting the cost of operating merchant ships. They 
may, however be listed as follows: 

1. Fuel and lubricating oil at sea and in port. 

2. Port charges including wharfage, lighterage, 
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pilot fees, canal dues, stevedoring, tug-boat* charges, 
etc. 

3. Salaries and subsistence. 

4. Up-keep and repairs, deck department. 

5. Up-keep and repairs, engine department. 

6. Supplies, engine, deck and steward's departments. 

7. Insurance. 

8. Loss and damage. 

If we assume a 7800-dead-weight ton ship fitted with 
2500-h. p. steam turbine on a schedule for coastwise 
service between New York and Seattle, stopping at 
San Pedro to load and discharge cargo and making 
four round trips per year, the charges might be ap¬ 
proximately as follows: 


OPERATING DISBURSEMENTS ‘ 



Loaded 
both ways 

Percentage 

Loaded going 
one-half loaded 
returning 

1. Fuel. 

$81,300 

14.8 

$81,300 

2. Port charge.... 

290,420 

52.9 

211,020 

3. Salaries. 

60,490 

11.0 

60,490 

4. Repairs, deck. 

10,000 

1.8 

10,000 

5. Repairs, engine. 

20,000 

3.7 

20,000 

6. Supplies. 

20,250 

3.7 

20,250 

7. Insurance . 

62,400 

11.4 

62,400 

S. Loss and damage.... 

3,650 

.7 

3,650 

Total. 

$548,510 

100% 

$469,110 


Many of these would be affected by electrification 
of auxiliaries, and the net reduction would be very 
considerable. 

1. Fuelf etc. In the usual marine geared turbine 
installation with steam auxiliaries, the pressures 
generally carried are as follows: 


Boiler pressure. 

Turbine bowl. 

Auxiliary steam line 
Auxiliary exhaust... 
Superheat... 


210 lb. gage 
2001b. “ 

100 lb. « 
101b. “ 

75 deg. fahr 


The aiixiliary exhaust steam is used to heat the 
feed water and that which is in excess of feed-water 
heater requirements is by-passed to the main condenser 
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Under full power, a fair operating average for this 
type of installation is as follows: 


Steam consumption per hour: 

Main turbine, 2500-]i. p. 28875 lb. 

Steam auxiliaries at sea.. 12500 ‘‘ 


Total steam consumption. 41375 ‘‘ 

Steam per shaft horse power hour, all purposes: 


Steam per shaft h.p-hr., all purposes— 


41,375 

2500 


16.5 lb. 


Boiler Evaporation: 

With water-tube boilers, Howden draft system, feed water 
delivered to boilers at 220 deg., 210-lb. gage pressure and 
75 deg. superheat, a conservative estimate of the actual 
evaporation per pound of fuel oil is taken at 13.5 lb. 


Fuel Consumption: 

Fuel per hour = tv ? = . == 9.6 bbl. 

13.5 


Fuel per day.73,560 lb. = 32.8 tons 

Fuel in bbl. per day. 230 


Fuel per shaft horse power hour: 

Fuel per shaft horse power hour 
Fuel in barrels, per knot: 


3065 

2500 


= 1.23 1b. 


U . 

Assuming a speed of 10.5 knots 


= 0.915 bbl. per knot 


The economy to be gained through the application 
of electrically driven auxiliary machinery, in fuel 
consumption alone, may readily be seen from the fol¬ 
lowing estimates. 

ELECTRIC AUXILIARIES 
Superheat 75 Deg. Fahr. 

Heating feed water: 

The proposed method would be to extract sufficient steam 
from the turbine for feed water heater requirements. 

Steam consumption, per hour: 

Main turbine 2500-h. p.. 30,600 lb. 

Turbine generator. 2,640 " 

Air ejector... 1,000 " 


Total.... 34,240 lb. 

Note: 3600 lb. per hour steam will be extracted from main 
turbine at about 10 lb. gage to heat feed water. 
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Steam ‘per shaft horse power^ all purposes: 
Steam per shaft h.p-hr., all purposes, 


34,240 


13.7 lb. 


Boiler Evaporation: 

Estimated for comparative purposes at 13.5 lb. per lb. of 
fuel. With the lesser quantity of steam to generate, how¬ 
ever, the boiler efficiency would be improved in actual 
practise. 

Fuel consumption: 


Fuel per hour 


34,240 


2536 1b. - 7.9 bbl. 


Fuel per day 60864 lb. =27 tons 
Fuel per day in bbl. = 189 bbl. 
Fuel per shaft horse power hour: 


Fuel per shaft h.p-hr. 


= 1.01 lb. 


Fuel in barrels per knot: 


Assuming a speed of 10.5 knots, —= 0.75 bbl. per knot. 

10.5 


The application of high superheat, well within the 
limits of present-day design, and electric auxiliaries 
present a very interesting and high economic value in 
ship propulsion. 

ELECTRIC AUXILIARIES 
SupEKHEAT 200 Deg. Fahr. 

Steam consumption^ per hour: 


Main turbine, 2500 h. p... 27,000 

Turbine generator. 2,400 

Air ejector. l[000 


30,400 

Note: 3000 lb. per hour steam will be extracted from main 
turbine at about 10 lb. gage to heat feed water. 
Steam per shaft horse power, hour all purposes: 

Steam per shaft h.p-hr., all purposes 

Boiler evaporation: 

Assumed at 13 lb. per poimd of fuel. 

Fuel consumption: 

T 30,400 

Fuel per hour = —— = 23401b. = 7.33 bbl. 

lo 

Fuel per day 56,200 lb. 

Fuel in bbl. per day... 



= 25.1 tons 
= 176 bbl. 
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Fuel per shaft horse power hour: 

Fuel per shaft h.p-hr. = = 0.936 lb. 

2500 

Fuel in barrels per knot: 

7.33 

Assuming a speed of 10.5 knots — = 0.698 bbl. per knot. 

10.5 

These estimates show the saving in fuel consumption 
by the use of electric auxiliaries, as follows: 

Saving in Fuel Consumption {at sea): 

Steam auxiliaries. 

Electric “ . 

Electric “ with 200 deg. fahr 

superheat. 

Saving per year: 

208 days at sea, oil at $1.50 per bbl. 

Electric auxiliaries. 8320 bbl. at $1.50 $12,480 

Electric with 200 deg. 

fahr. superheat. 11,250 “ ‘^$1.50 16,900 

In the estimate, an allowance was made of 40 bbl. per day 
in port. With electric auxiliaries, and economic engine 
room machinery, it- should be possible to reduce this by 
one-half. 

157 days X 201b, X $1.50..= $4,710 

With a good system in the engine room, the lubricating oil 
required would be greatly reduced. 

2 . Port Charges. In giving thoughtful consideration 
to improving the earning power of a ship, it will be 
recognized as essential to decrease its idle time, as 
certain charges are continuous, whereas the ship is 
actually earning money only when traveling between 
ports. When it is realized that the average cargo 
ship makes only about 36,000 miles per year and that 
at an average speed of 10 knots, this means she is 
at sea only about 160 days out of a year, it is very 
evident that there is a big field for improvement. 

Port charges estimated for the coastwise schedule 
mentioned above are as follows: 


230 bbl. 

189 “ 17.3 per cent 
176 “ 23.5 per cent 
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N. Y. 

Colon 

Los 

Ange¬ 

les 

San 

Fran¬ 

cisco 

Seattle 

Total 

(a) Wharfage. 

$7800 


$1560 

$3120 

$3120 

$15,600 

(b) Lighterage. 




.... 

.... 


(c) Phots fees. 

202.56 


200 

250 


652.56 

(d) Stevedoring..'.. 

7800 


1560 

3120 

3120 

15,600 

(e) Tug-boat 

charges. 

100 



200 


300 

(f) Canal dues. 


$4150 

.... 

.... 

.... 

4,150 


Total per trip. $36,302.56 

Total per year (4 round trips).. $290,420.48 


Total per trip. $36,302.56 

Total per year (4 round trips).. $290,420.48 


It will be evident that any means which will re¬ 
duce the time a ship has to lie at the wharf loading 
or unloading cargo should lessen the two items wharfage 
and stevedoring. The writer has been informed of 
specific cases where ships have been delayed at docks 
due to freezing of steam deck machinery. He has 
also been informed of a specific case where two similar 
ships loading and unloading the same kind of cargo 
at the same dock and with the same stevedore foreman, 
the electrically equipped ship loaded in very much less 
time. Another specific case where a number of ships 
fitted with steam deck machinery had to await a 
derrick to assist in loading heavy cargo, where a ship 
fitted with electric machinery wa.s able to handle its 
own cargo and saved a number of days delay. 

Delays have been experienced wdth steam machinery 
due to low steam pressure. This may not be due to 
drop in boiler pressure but to loss in piping. With 
electric equipment, there is always ample power avail¬ 
able for the wdnches. 

By the use of the most suitable electric machinery, 
it should be possible to reduce the item of port charges 
10 per cent. In the estimate given above this would 
mean approximately $30,000 per year saving. 

3. Salaries. In all probability the salaries would 
not be directly affected. In the larger ships and in 
those where there is a very large amount of auxiliary 
power it might be found desirable to increase the salary 
slightly for one of the positions, in order to secure a 
man with electrical experience. 

4. and 5. Upkeep and Repairs. Both of these items 
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should be reduced. With properly designed electric 
machinery, the charges for repairs and maintenance 
would be less than with steam machinery. If com¬ 
pared with many existing ships a 20 per cent reduction 
would in all probability be a conservative estimate. 
If we only allow 10 per cent, however, this would mean 
a saving of approximately $3000 per year on the above 
estimate. 

6. Supplies. This item would not be appreciably 
affected in the deck department, but for the engine 
department, there should be a material reduction. 

A saving of 10 per cent might be expected, which 
would amount to $2000 per year. 

7. Insurance. The assured reliability of proper 
electrical machinery in the engine room, along with 
the elimination of a large amount of piping carrying 
high-pressure steam, should have a direct bearing on 
the insurance rate. Indirectly, by reducing the loss 
of steam it should be possible to maintain the water 
in the boilers in almost perfect condition. This should 
still further add to the safety of a ship. It would seem 
to be justifiable to expect that the insurance premiums 
can be decreased about 5 per cent; this would mean a 
saving of approximately $3000 per year. 

8. Loss and Damage. This item in all probability 
would not be affected. 

The sum of the different gains mentioned above 
totals $56,190 per year. The amount of saving that 
can be shown by other estimates will naturally vary 
with conditions. In any estimates the possibility 
of making a substantial gain in the earning capacity 
in a ship is a real one. Having in mind certain ships, 
there is every reason to believe that the figures men¬ 
tioned above might be increased. 

One of the latest British combined cargo and pas¬ 
senger ships is equipped electrically and is fitted with 
over 100 motors driving auxiliary apparatus. Need¬ 
less to say, the owners of new foreign ships are fitting 
them with electrically driven machinery only because 
they have satisfied themselves that it is profitable to 
do so. We engineers in this country should combine 
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our efforts and avail ourselves of every opportunity 
to improve the efficiency of our merchant ships to the 
end that they may be able to compete successfully 
with the modern ships being placed in service by the 
other counties. 



Presented at the Joint Meeting of the American 
Institute of Electrical Engineers and the 
Society of Naval Architects atid Marine En¬ 
gineers, Neit) York, N. Y., November i7, 

IQ31. 
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ELECTRIC PROPULSION OF SHIPS 


BY W. E. THAU 

Marine Department, Westinghouse Electric and Manufacturing Co. 


T his paper deals primarily with the electric pro¬ 
pulsion of ships, except wherein a comparison 
of some particular feature or characteristic 
warrants a reference to some other type of drive. In 
dealing with electric propulsion, it is necessary to con¬ 
sider all classes of ships, and this leads to two broad, 
general classifications, such as merchant ships and war 
vessels. • 

Merchant Ship Pulsive Equipment 

General Requirements 

The ultimate purpose of a merchant ship is to earn 
money. From this standpoint, the factors of reliability, 
economy, weight, space, cost, operation and mainte¬ 
nance are involved in the propulsive equipment. 
Therefore the type of drive most suitable is that which 
excels in all or the most important of these factors. 
The relative importance of these items varies with 
different ships, depending upon the trade route, cargo, 
etc., with the result that there is a definite and logical 
field for each of the principal types of drives, such as 
reciprocating engine, geared turbine, turbine-electric, 
Diesel and Diesel-electric. Since many general com¬ 
parisons of the principal types of drives in regard to 
these factors have been given in recent articles in the 
technical press it is not the intent of the present paper 
to take up this phase of the subject, but rather to 
analyze the principal types of electric propulsive 
equipments and to show in general how they fulfill 
these requirements. 
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Reliability 

The universal use of, and the indisputable success of 
electrical apparatus on land is sufficient testimony in 
behalf of its reliability. The absence of reciprocating 
parts makes electrical apparatus with its simple rota¬ 
tion as reliable as can be desired. It can almost be 
said that there are no mechanical troubles with elec¬ 
trical machinery. Broadly speaking, there are no 
new principles involved in the application of electrical 
apparatus to ship propulsion. It is true that ship 
conditions differ from land conditions in certain re¬ 
spects, but there is no phase of the application which 
presents any really serious difficulty. The most im¬ 
portant adverse condition is the deleterious effect of 
salt and moisture, which is easily surmounted by 
proper insulation of the windings and circuits, as is 
obvious from the several years of successful operation 
of present electric propulsion equipments. There can, 
therefore, be no question as to the reliability of 
electrical propulsive equipment. 

Economy 

Economy is an important factor, and must be given 
due consideration. To properly analyze this item, 
it is necessary to consider all equipment involved in 
the propulsion, with respect to fuel, water, lubricants 
and supplies. The relative proportions of these items 
vary considerably in the different types of propulsive 
equipments. The turbine-electric and the geared 
turbine compare very closely in economy when all 
items are considered. The losses in the reversing 
elements of geared turbines, the losses in the gears, 
and the power required to circulate the additional 
lubricating oil, detract appreciably from the gain which 
the geared turbine would otherwise have over the turbine- 
electric because of the inherent electrical losses in the 
latter. Generally speaking, the net economy of a prop¬ 
erly designed and constructed geared turbine drive 
should be better than a turbine-electric drive even 
though full advantage is taken of every practical source 
of gam m the latter. The difference, however, is per¬ 
haps hardly of sufficient magnitude to be thedominating 
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factor in arriving at a final selection. The economy of 
a reciprocating engine drive is obviously poorer than 
that of a properly designed turbine drive of either type 
for the reason that the reciprocating engine cannot 
utilize the same expansion of the steam. 

It has been advanced that the turbine for the turbine- 
electric system, being a one-direction rotation machine, 
can utilize higher superheat tha,n the geared turbine, 
because of the reversing element of the latter, thus 
resulting in better overall economy. With the present 
installations, this condition is true to some extent. 
However, with proper attention given to this factor, 
geared turbines can be designed to operate without 
detriment with steam superheated 160 to 200 deg. 
fahr., which is fairly close to the practical limit of 
superheat on board ship, as there are other items aside 
from the turbines which are affected by high superheats 
to the extent of fixing limitations. 

Obviously from a fuel consumption standpoint, the 
direct Diesel and Diesel-electric propulsive equipments 
offer by far the best economy. Of these two types, it 
would appear, offhand, that the direct Diesel drive is 
decidedly superior to the Diesel-electric; however, it 
will be shown later that there are certain limitations 
in the direct Diesel drive which offset its advantage 
in fuel per brake horse-power-hour over the Diesel- 
electric. Here again, it is obvious that all items related 
to the propulsive equipment must be taken into con¬ 
sideration to obtain the ultimate answer. 

Weight 

The item of weight would probably show more 
variance than other items owing to differences of ar¬ 
rangement, design, foundations, etc., in the practise 
of the several ship builders. The importance of weight 
depends upon the type of ship, cargo, and trade route. 
Usually, however, weight is an important item as it has 
a direct effect upon the total fuel consumption and the 
amount of cargo that can be carried with a given 
displacement. Here again, it is necessary to consider 
all items related to the propulsive equipment. A cor¬ 
rect comparison of weight necessitates that the equip- 
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merits under consideration be on the same basis relative 
to overload, factor of safety and arrangement. This is 
particularly important in comparisons between electric 
drive equipments. Where one equipment affords an 
advantage in flexibility of reserve, however, it is usually 
at some sacrifice in weight, and an allowance must be 
made. 


Space 

Space is important in that it has a direct bearing 
upon the bulk of cargo that can be carried. Its relative 
importance depends somewhat upon the location of 
the machinery, z. e., whether the machinery is located 
amidship or aft, or both. Space is affected by the 
distribution of machinery and the relative saving 
depends somewhat upon ,the practise of the various 
ship builders in that respect. General analysis of the 
space factors which have been made thus far gives the 
advantage to the direct-connected Diesel and Diesel- 
electric types of propulsive equipment, the saving 
being effected by the elimination of the boilers and 
reduction of fuel and water tanks. Of the turbine- 
electric and geared turbine types, the space factor is in 
favor of the geared turbine, except in special cases. The 
general arrangement of the engine room, number of 
propellers and the beam of the ship have a direct effect 
upon the space occupied as a result of machinery 
distribution. By locating the condensers underneath 
the turbines in electric drives, the total floor space can 
be greatly reduced. 

Cost 

A definite comparison of costs is still a difficult 
task owing to the continued unsettled conditions. On 
the basis of equal performance in regard to propeller 
torque and speed, the cost including all items related 
to the propulsive equipment should run in the order 
of direct-Diesel, turbine-electric, geared turbine, , and 
Diesel-electric, the latter being the cheapest. The 
paradox in the relative cost of direct-Diesel and Diesel- 
electric is explained by the condition that small Diesel 
engines and generators for Diesel-electric drives can 
be manufactured ultimately on a large production 
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basis and stocked, whereas the engines for direct- 
Diesel drive, and to a large extent, the two types of 
turbine drive, because of their large size and weight, 
must almost of necessity be a building proposition. 
On the basis of standardized drives, there should not 
be a great deal in favor of the geared turbine as com¬ 
pared with the turbine-electric drive. This comparison 
will vary somewhat with the different manufacturers. 

The initial cost of the propulsive equipment has a 
direct effect upon the net earning power of the ship, 
because of interest, depreciation and insurance charges, 
and therefore, cost is an important item. 

Operation 

In regard to operation, it is realized that the present 
operators are largely men who are more familiar with 
reciprocating engines than with other types of 
machinery, and that for this reason, certain difficulties 
are likely to be encountered in placing electrical equip¬ 
ments in their hands. The author believes that this 
thought should not be a consideration, as it is a 
temporary condition only. The horse car driver be¬ 
came the motorman of the electric car, the reciprocating 
plant operator became the turbine plant operator ill 
the central station, the steam locomotive engineer became 
the electric locomotive engineer (engineers now operating 
electric locomotives are reluctant to return to the steam 
locomotive), and similarly countless examples may be 
mentioned to show that change in machinery represents 
no obstacle. Successful operators of electrical machin¬ 
ery need not have sufficient knowledge of it to under¬ 
stand the details of its design. This is not the case on 
land and there is no greater reason for it on the sea. 
The operator should, however, know the operating 
characteristics of electrical apparatus and how to take 

care of it. . - ^, 

The same question was raised in the case ot geared 

turbines only a few years ago, yet today there is near y 
a sufficient number of competent geared turbine 
operators to take care of all the geared turbine ships. 
The same will be the case with operators for electnc 
ships It is merely a matter of training and education 
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and it is certainly a reflection upon the intelligence of 
the age to classify the present limited knowledge as 
an obstacle for consideration. 

The following is a probable list of the operating 
personnel for the principal types of drives. The cost 
of operating personnel as based upon this list would, 
therefore, be in the order of,—direct-connected Diesel, 
turbine-electric, geared turbine, reciprocating engine, 
and Diesel-electric: 


TABLE OF PKOBABLE OPEKATING PERSONNEL. 



Recipro¬ 

cating 

engine 

Geared 

turbine 

Turbine 

electric 

Direct 

connected 

diesel 

Diesel 

electric 


* 

* 

* 



Chief. 

1 

1 

1 

1 

1 

1st. Asst. 

1 

1 

1 

1 


1 2iid. Asst. 

1 

1 

1 

1 

1 

3rd. Asst. 

1 

1 

1 

1 

1 

^ Jr. Engrs. 

0 

0 

0 

3 

0 

■| Electricians... 

0 

0 

1 

1 

1 

E-i Oilers. 

3 

3 

3 

6 

6 

Firemen. 

6 i 


6 

0 

0 

Total. 

13 

13 

14 

14 

1 

!§ 1st., 2d or 3d.. 

1 

1 

1 

1 

1 

1 Jxinior Engrs,.. 

0 

0 

0 

1 

0 

^ Electricians.,. 

0 

0 

0 

0 

0 

^ Oilers. 

1 1 

1 

1 

2 

o 

g Firemen. 

2 

2 

2 

0 

At 

0 

Total. 

4 

4 

4 

4 

3 


uii uii uurmng snips. For coal shi 
would be augmented by three coal passers. 


Maintenance 

Although there are practically no data available on 
the maintenance of electrical propulsive equipments 
(except battleships), there is no reason to anticipate 
any great difference between sea and land practise. 
As a matter of fact, there is reason to anticipate less 
maintenance for the reason that the load conditions 
and control operations are less severe than is the case 
mth most land instellations involving large machinery. 
If the equipment is given proper care and inspection, 
the maintenance item will be low, as the absence of 
rabbmg parts (except for the bearings), leaves little 
0 get out of order. Electrical machinery does not 
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wear as is the case with, other machinery. Further¬ 
more, all probable repairs are such as can be made 
aboard the ship without the use of an elaborate machine 
shop. 

Performance Characteristics 


The inherent performance characteristics of electrical 
machines are particularly well suited to ship propulsion. 
Having identical operating characteristics in either 
direction of rotation, all types of electric drive inher¬ 
ently afford, or can be made to afford, full torque and 
power for reversal. For reasons of economy, space and 
cost, the, reversing element of a geared turbine is 
designed to give only 40 per cent to 60 per cent power 
in the reverse direction. It has been claimed that full 
reverse power is not essential to a merchant ship, and 
this is true under ordinary conditions. In emergency, 
however, it is desirable to stop the ship very quickly, 
and in this connection it might be pointed out that the 
electric ship can be stopped in considerably less time 
t han a geared turbine ship. This is not altogether 
the result of less backing power, but is due to a great 
extent to the inefficiency of the reversing element of 
the geared turbine causing an enormous draft on the 
boilers which greatly reduces the steam pressure. 

In reversing, the energy put into the screws by the 
action of the water and the stored energy in the rott¬ 
ing parts attached to the propeller shaft, must be 
dissipated in some manner. In the case of the geared 
turbine, this energy is consumed in doing work on the 
steam. In the case of a-c. electric drives, the energy 
of reversal is dissipated in the motor and generator 
windings, the rotors of the motors, or in external 
resistors connected to the rotor circuits, depending 
upon the type of motor used. In d-c. electric dnves, 
the reversal energy must be absorbed elsewhere in the 
svstem The amount of energy to be dissipated or 
absorbed in the case of a given ship depends entirely 
upon the time taken to stop the screws. The instant 
the screws commence to turn over in the reverse direc¬ 
tion, the system must supply the energy and all father 
stopping energy is dissipated at the propellers, 
are two factors to be considered in stopping, namely, 
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the energy returned through the propellers, and the 
stored energy in the propellers and the motor armatures. 
Analysis shows that reversing even at full speed is not 
a serious problem, and that it does not place as severe 
requirements upon the electrical machinery as does 
turning with hard-over rudder. The details of the 
distribution and absorption of the energy of reversal 
would occupy too much space to be discussed at this 
time. Suffice it for the present to say that the in¬ 
herent facilities afforded by electrical systems for 
dissipating energy and for giving full power in either 
direction are what make the electric drives ideally 
suited for stopping. The time required to stop an 
electric ship is the same as, or less than, that of other 
drives. 


Description of Electrical Propulsive Equipments 

General Classification 


^ Electrical systems for ship propulsion may be clas¬ 
sified into two general types from the standpoint of 
the prime movers, namely, turbine-electric and Diesel- 
electric. Due to the inherent performance of these 
two types of prime movers, both kinds of electric 
machinery are used; a-c. machinery with turbine- 
electric because the a-c. generator is inherently suitable 
for direct connection to the economical high-speed 
turbine; and d-c. machinery with Diesel-electric 
drive because the inherent characteristics of the d-c. 
generator are ideally suited to Diesel engine per¬ 
formance. 

The electrical equipment for turbine-electric drive 
may be further sub-divided as follows, in regard to the 
type of motor: 


1 

2 


Induction 

Synchronous 


Wound secondary / Ordinary, and with 

[ power factor correction 

Squirrel cage 

Combined squirrel cage and wound secondary 


In the case of the Diesel-electric drive, there is no 
broad subdivision. As a minor classification, this 
type of drive might be subdivided with respect to the 
method of generator operation, i. e., series and parallel. 
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However, series operation is so vastly superior that 
parallel operation can be disregarded except for the 
purpose of comparison. 

Units Involved 

A complete turbine-electric drive involves the fol¬ 
lowing apparatus: 

Boiler plant Motor 

Evaporation plant Oiling system 

Condenser plant Exciter set 

Turbine Control 

Cjr0H6r3/tor 

A complete Diesel-electric drive involves the fol¬ 
lowing apparatus: 

Diesel engines 

Generators 


Motors 

Small auxiliary air compressors 
Air bottles 

Exciters . 

Fuel pumps, (if not attached to engine) 
Lubricating pumps, (if not attached to engine) 
Control 


Tuebine-Electric 

With turbine-electric drive, the electrical equip¬ 
ment is of the a-c. type, principally for the reason 
that a-c. turbo generators are inherently better suited 
for the high economical speeds of turbines. Th® epee 
at which the turbine operates is influenced by the pro¬ 
peller speed because of the limitation in the number 
of poles of the motor. Theoretically, an a-c. motor 
can be built for any even number of poles, but in prac¬ 
tise such factors as power f^^^tor, (induction motoC, 
diameter and assembly, fix the limit in 
of 60 to 72 poles. As the motor speed and number 
of poles fix the generator and turbine speed, there is 

nsecSently an^pproximately fixed limit to tmbine 
speedi Incidentally, in the case of practically all 
merchant ships, this speed is lower than the mos 
economical speed of the tmbine. 

most efficient when designed and operated at low speeds, 
ttTs advisable not to exceed 90 to 100 rev. per min. 
for the ordinary merchant ship. 
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Assuming a propeller speed of 100 rev. per min., 
a 60-pole motor and a two-pole generator, the generator 
and consequently the turbine would operate at 3000 
rev. per min. (neglecting the slip in case of the in¬ 
duction motor). This gives a reduction from the tur¬ 
bine to the propeller of 30:1, which is approximately 
the same irrespective of the t 3 q)e of motor used. 

Fig. 1 shows a diagrammatic scheme of connections 
for an induction motor drive of the wound secondary 
t 3 q)e. Power is supplied • from the turbine-driven 



Fig. 1—-Wound-Secondary Induction-Motor Drive 
Diagrammatic scheme of connections. 


generator to the induction motor through one of the 
reversers. The generator is excited from one of the 
auxiliary geared turbine d-c. sets.- Whether the aux¬ 
iliary set would supply generator excitation only, or 
sirnultaneously furnish ship's auxiliary power, depends 
principally upon the electrification of engine room aux¬ 
iliaries, winches, etc. 

The turbine is under the control of a governor 
capable of maintaining constant speed over about 75 
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per cent of the entire .speed range. The governor 
speed control valve is regulated from the control stand 
by an oil relay valve or system or rods and levers, 
depending upon the type of governor used. The pro¬ 
peller speed is adjusted by throttling the turbine as 
in the case of a geared turbine drive. The turbine is 
started and brought up to its “idling speed” by the 
throttle valve at the turbine. 

Similarly, the generator field switch and rheostat, 
and the ahead and back switches are controlled from 
the control stand by means of levers. These levers 
are mechanically interlocked so that it is necessary 
to follow the proper sequence of operations in starting, 
stopping and maneuvering. 

Usually, the reversers are interlocked with the field 
lever so that the field lever must be in the “off” position 
before the reversers can be opened or closed. Similarly 
the field is interlocked with the turbine speed control 
lever so that the control valve must be set for low speed 
before the field can be opened or closed. 

The secondary control is automatic, being either 
of the solenoid contactor or motor-operated contactor 
type. The actuating means is energized through con¬ 
tacts on the field lever near the end of its stroke. This 
arrangement insures the establishment of voltage at 
the motor before closing the secondary accelerating 
switches. Similarly, moving the field lever to the 
“off” position, opens the secondary switches. 

The operating levers and a complete complement 
of electrical instruments and steam gages are arranged 
convenient to the operator, the instruments and gages 
being mounted on a panel directly above or in front of 
the levers. By observing the instruments, the operator 
will be kept informed at all times of the performance 
of all machines, even though the machines be obscured 
from his view. 

By a suitable arrangement of the switches and con¬ 
trol levers, the entire maneuvering of a ship of any 
size and any number of screws, can be under the com¬ 
plete control of one operator. 



I u 
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The interlocking system necessitates the following 
sequence of operation: 

A—Starting Ahead {Turbine Idling): 

1. Close Reverser in “Ahead” position, 

2. Close Field and establish excitation, 

3. Adjust Turbine Speed to desired value after secondary 

is completely short-circuited. (Indicated by pilot light) 

B — Stop'ping: 

1. Move Turbine Speed control lever to idling position, 

2. Move Field lever to “o:ff” position. 

3. Move Reverser to “off” position. 

C—Starting Back: 

1. Close Reverser in “Back” position, 

2. Close Field and establish excitation, 

3. Adjust Turbine Speed to desired value after secondary 

is completely short-circuited. 

D—Reversing {From Ahead Operation): 

1. ^Move Turbine Speed control lever to idling position, 

2. Move Field lever to “off” position, 

3. Move Reverser from “Ahead” to “Back” position, 

4. Move Field lever to full excitation, 

5. Bring up Turbine Speed after motor has pulled into step. 

The above description applies to a single-screw drive 
having but one turbine set. For a multiple-screw 
ship having generating sets for port and starboard 
sides, the operation would be the same for each side 
of the ship, as just described. 

The above operations are based upon switching when 
the current in the circuits has been reduced to very 
low values, or nearly dead circuit conditions. This 
arrangement is not really necessary, as, with small 
powers, it is is not essential to open the generator 
field; however, it may be justified in the light of con¬ 
servatism. In any event, the reversers are so designed 
that they are entirely capable of opening full power. 

The salient features of the wound-secondary- 
induction-motor drive are its inherent torque charac¬ 
teristics and the ease of handling. While the secondary 
control necessitates a few additional switches, this is 
fully compensated for by the fact that the propeller 
energy of reversal, and the slip energy of reversal and 
starting is dissipated in resistors external to the motor. 
The importance of this is dependent upon the amount 
of reversing that is done, particularly from full speed. 
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This system, therefore, represents the most conser¬ 
vative arrangement of turbine electric drive. 

The squirrel-cage motor system is shown in Fig. 2, 
and it will be noted that the electrical connections 
are the same as for the wound-secondary motor system, 
except that there is no secondary control. This system 
is, therefore, somewhat simpler than the wound¬ 
secondary motor system from an electrical connection 
standpoint, both inside and outside the motor. It 



Fig. 2 —Squirrel-Cage Induction-Motor Drive 
D iagrammatic scheme of connections. 


also has a slight advantage in cost in that the motor is 
less expensive to build. The squirrel-cage motor is 
shorter because of the absence of collector rings. It 
has a disadvantage in conservatism and torque charac¬ 
teristics. 

The power factor of either of the induction motor 
systems is less than unity, the exact value depending 
upon the number of poles and certain design features. 
For the ordinary merchant ship requirements, these 
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motors would have power factors of approximately 
70 per cent, the wound-secondary motor having the 
higher power factor of the two, by a small amount. 
The induction motor drive, therefore, requires a genera¬ 
tor with kv-a. capacity in excess of its kw. capacity, 
which adds somewhat to its weight and size, and which 
detracts a very small amount from its efficiency. 

The efficiency of the squirrel-cage induction motor 
of ordinary design is slightly less than that of the wound¬ 
secondary motor, for the reason that sufficient perma¬ 
nent resistance must be incorporated in the rotor 
windings to obtain the required torque for reversal 
without excessive current. In large motors with spe¬ 
cial double secondary windings, the required torque 
can be obtained without excessive current and the 
running efficiency can be improved somewhat. Such 
motors are in use on propeller drives at the present 
day. 

Turbine Electric 
(Synchronous) 

Fig. 3 shows a diagrammatic scheme of connections 
for a synchronous motor drive. Power is supplied 
from the turbine-driven generator to the synchronous 
motor through one of the reversers. The generator 
and motor fields are excited from a three-wire, d-c. 
exciter set. The synchronous motor system differs 
from the induction motor system only insofar as the 
synchronous motor itself affects the details of control 
and generator capacity, the main features of turbine- 
electric drive being otherwise the same. 

Although the characteristics of the ordinary syn¬ 
chronous motors are not suitable for ship propulsion, 
the synchronous motor can be modified to give charac¬ 
teristics which meet the requirements. The modi¬ 
fication consists in providing the rotor with a substan¬ 
tial induction winding of such design and arrangement 
as will not seriously detract from certain purely syn¬ 
chronous motor characteristics which are desirable. 

The maneuvering operations can be accomplished 
in more than one way. If appreciable torque is re¬ 
quired to reverse, the method which appears to be 
most favorable is to utilize the synchronous charac- 
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teristics and the induction characteristics at different 
stages of the reversing cycle. The motor is stopped 
as a synchronous generator loading into the generator 
windings which form a dead load (generator field 
not being excited), then is brought up to nearly syn¬ 
chronous speed in the reverse direction as an induction 
motor, and finally is pulled into step with the genera¬ 
tor as a synchronous motor. With this method, the 
sequence of operation for reversing would be approx¬ 
imately as follows: 

1. Reduce turbine to idling speed (25 per cent.) 

2. Open generator and motor fields, 

3. Reverse motor connections, 

4. Apply motor field excitation bringing motor to rest, 

5. De-energize motor field, 

6. Energize generator field to double value, bringing motor 

to nearly synchronous speed as induction motor, 

7. Apply normal excitation to motor field, pulling motor into 

synchronism •with generator, 

8. Adjust speed to desired value. 

The method described above is preferable where 
appreciable torque is required during reversing. Usu¬ 
ally, however, sufficient torque will be developed by 
the simpler method of reversing as an induction motor,^ 
in which case the cycle of operation will be as follows: 

1. Reduce turbine to idling speed (25 per cent), 

2. Open generator and motor fields, 

3. Reverse motor connections, 

4. Energize generator field to double value, bringing motor 

to rest and reversing it to nearly synchronous speed, 

as an induction motor, 

5. Apply normal excitation to motor field, pulling motor 

into synchronism with generator, 

6. Reduce generator field to normal, 

7. Adjust speed to desired value. 

This method, therefore, simplifies the sequence to 
the extent of omitting one step and eliminating the 
generator action of the synchronous motor. 

Although eight and seven steps respectively have 
been indicated in the sequence, some of the steps 
can be combined so as to reduce the actual number of 
lever operations to a reasonable amount. 

Although the synchronous motor requires special 
design and introduces additional complications in the 
control, it has the important inherent characteristic 
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of unity power factor. The unity power factor results 
in slightly decreased weight and size, and consequently 
less cost of the motor and generator. Taking the 
drive as a whole, and considering that both motor and 
generator must be excited from a separate source at a 
cost of at least twice the steam per kw-hr. as the main 
turbine, the efficiency improvement over the induction 
motor drive is more apparent than real. Therefore, 
the principal advantages of the synchronous motor 
drive as compared with the ordinary induction motor 



Fig. 3—Synchronous Motor Drive 
D iagrammatic scheme of comiectioiis. 

drive are a slight saving in cost, weight and space, with 
a possible inappreciable margin in efficiency. 

Turbine Electric 

(Induction with Power Factor Correction) 

The unity power factor advantage of the synchronous 
motor system is also available with a wound-secondary 
induction motor system in which the low lagging power 
factor is corrected to unity. This arrangement not 
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only provides a system of the same weight, space and 
cost of the synchronous system, but in addition pos¬ 
sesses the superior torque characteristics and simplicity 
of control of the wound-secondary induction system. 

The diagrammatic scheme of connections is shown in 
Fig. 4. It will be noted that this is the same as the 
wound secondary induction motor system shown in 
Fig. 1, except that power factor corrective apparatus 
has been added. The scheme functions in the same 
manner and sequence as that shown in Fig. 1 until the 
motor is in step with the generator, and at this point 
the power factor corrective apparatus is caused to 
function. The corrective apparatus consists of a 
Le Blanc phase advancer driven by a small d-c. motor, 
the speed of which may be varied to suit the power 
factor correction desired. The function of the phase 
advancer is somewhat similar to that of the d-c. ex¬ 
citer in the case of the synchronous motor in that it 
supplies excitation to the induction motor. The con¬ 
nection is made to the secondary or rotor winding and 
thus excitation is supplied through the secondary 
instead of through the primary, with the result that 
the primary current is all ^^power^' current, which 
means ''unity’' power factor. , 

The phase advancer is a small commutating machine 
of very simple construction. The losses in the phase 
advancer consist of the internal copper loss due to the 
secondary current, almost negligible iron losses, fric¬ 
tion, windage and brush drop. The total of these 
losses is very little and compares very favorably with 
the excitation power of the synchronous motor. 

The induction motor used with this system is simple 
in construction, smaller, lighter and consequently less 
expensive than the motor used with the ordinary 
wound-secondary induction motor system. The 
generator is the same as that for the synchronous 
motor drive. Thus, the induction motor drive with 
the phase advancer not only provides the advantages 
resulting from unity power factor, but in addition 
provides the superior torque characteristics of the 
wound-secondary induction motor for maneuvering, 
and also obviates the necessity for synchronous opera- 
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tion with the generator. In fact, it combines all the 
desirable features and characteristics of both systems, 
without complications. 

Diesel-Electric 

For practical reasons, direct current only is feasible 
with Diesel-electric drive. This will be evident by a 
proper analysis of the performance of Diesel engines 
in connection with the characteristics involved ^ in 
applying a-c. and d-c. machinery, due consideration 
of ship requirements being taken into account. To 



4—Wound-Secondart Induction-Motor Drive "with 
Phase Advancer for Power Factor Correction 
Diagi’ammatic scheme of connections. 


obtain the best results with Diesel-electric drive, it is 
necessary to provide several relatively small and 
moderately high-speed generating sets for supplying 
power to single or double-unit direct-connected propel¬ 
ling motors. Not only must the generated power 
divide evenly or proportionately between the generating 
units, but the system must also he such as will conven¬ 
iently and economically lend itself to speed control. 
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In the case of alternating current, it would be 
necessary to operate the generators in parallel. To 
operate a-c. generators in parallel necessitates the very 
closest speed regulation and practically identical 
angular velocities of all prime movers. To visualize 
properly this exacting requirement, it must be re¬ 
membered that satisfactory parallel operation of a-e. 
generators necessitates that the angular displacement 
of the field poles of one machine with respect to another 
must not vary more than approximately ± 3 electrical 
degrees, or a total of 6 electrical degrees. Since 860 
electrical degrees constitute the space between ad¬ 
jacent like poles, the total variation in mechanical 
degrees, for example, in the case of a 20-pole machine, 
must not exceed 0.6 degree. While successful opera¬ 
tion under such requirements is carried out in several 
land installations where the prime movers operate at 
constant speed, it is not considered safe practise on 
board ship where the necessity for tarying the speed of 
all sets simultaneously introduces another very serious 
difficulty To overcome this condition successfully, 
would require absolutely perfect engine governors 
which would function 100 per cent perfect at any speM 
setting The speed of the motor could be varied by 
the rheostatic method, thus allowing the engines to 
operate at constant speed; however, this method is 
extremely wasteful at reduced speed ^ 

at best offers a solution for only one of the many 
difficulties. It is for these reasons that alternating 
current is not suitable for Diesel-electnc P^oP^' 
Direct current not only obviates all of the abo\e 
difficulties, but possesses many 

of oneration, control and reserve power. With direct 

easily accomplished. 

operate difficult, even with d<. machines, 
explained below. 
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With direct current, we have a choice between two 
methods of motor speed control, i. e., armature rheo¬ 
static and generator voltage control. Armature con¬ 
trol is not only unjustifiably wasteful at reduced speed 
operation, but also adds complication to the control. 
On ■ the other hand, the voltage control method is 
practically 100 per cent economical and provides an 
ease and a flexibility of control unapproachable by 
other systems. In the case of very small drives, arma¬ 
ture rheostatic control might be selected because of 
factors not related to the propulsive equipment making 



Fig. 5—Diesel Electric Drive 
Diagrammatic scheme of connections. 


it preferable to have a constant voltage system which 
is common to the propulsion and auxiliary circuits. 
For a drive of any appreciable size, the best results 
are obtained by isolating the propulsive equipment 
so that immediate maneuvering can be done without 
affecting non-related circuits. Therefore, having an 
isolated plant for propulsion only, voltage control is 
obviously the method to use. 

With parallel operation of generators, voltage con¬ 
trol is not simple of accomplishment. To vary satisfac- 
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torily the voltage of two or more generators simultane¬ 
ously over the full range from zero to maximum, 
necessitates very closely and very carefully adjuste 
field rheostats, generators with practically identica 
saturation curves, and engines with practicaUy identical 
regulation; or, some complicated and delicate auto¬ 
matic voltage balancing instrument. 

The series arrangement of generators, however, is 
ideal from every standpoint such as operation control, 
economy, simplicity, flexibility, reserve, etc. 1 he 
series arrangement, in eliminating parallel operation 
of generators, obviates the necessity for close regula¬ 
tion and hence simple engine governors and simp e 
field rheostats are entirely satisfactory. In other words, 
satisfactory operation is independent of variation m 
voltage between the different generators. 

Besides the operating advantages, the series ar¬ 
rangement inherently provides for full power froin each 
of the remaining generators in case of casualty to one 
or more of the generating sets without providing ad¬ 
ditional capacity, and consequently additional weight 
in the motor. To obtain full power from each of the 
remaining sets with parallel operation would neces¬ 
sitate increasing the motor field in order ^^^r 
speed to such a value as would require the total capacity 
of the remaining units, thus necessitating a larger and 
heavier motor. 

Fig. 5 shows a diagrammatic scheme of connections 
for a single-screw Diesel-electric drive. In this par¬ 
ticular case, there are six generating sets and one double¬ 
unit direct-connected motor. The' six generators an 
the two motor units are connected m series. The 
machines are distributed electrically as follows; three 
generators, one motor unit, three generators and one 
motor unit, to reduce the voltage strain, or the max - 
mum voltage to ground at any two points to one-half 
the total voltage of the system. The of ^ch 

generator being 250, we have in effec a ^ 
system with only 750-volt insulation requirements. 
The advantages of this arrangement are obvious, 
especially in the case of large capacity drives and 
where there are several generators involved. The 
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diagram shows an arrangement for using as many as 
may be desired of the main generating sets for supply¬ 
ing power to the ship’s auxiliaries when in port. Al¬ 
though the generators (and motors) operate as pure 
shunt machines when driving the ship, series windings 
on the generators are automatically placed in circuit 
when the generators are connected to the auxiliary 
bus, and therefore, the generators operate as compound 
machines when supplying the auxiliary load, and when 
used for this purpose the generators are operated in 
parallel. Arranging the generators for supplying 
power to the ship’s auxiliary bus determines the volt¬ 
age of the individual machines (250 volts). 

The motors and generators being pure shunt-wound 
machines, the motor speed is adjusted to any value 
within the requirements by the voltage control system. 
In this system, the generator and motor fields are 
separately excited (preferably from the same excita¬ 
tion source). The motor fields are excited at constant 
potential, and in one direction, whereas the generator 
field excitation is varied to obtain the motor speed 
desired. With this arrangement, the speed of the 
motors is directly proportional to the generator volt¬ 
age and, therefore, any motor speed from zero to the 
maximum in either direction is obtained by merely 
manipulating the generator field rheostat (a common 
rheostat is used for all generators). Since the rheostat 
handles only the generator field current which is 1 
per cent to per cent of the generator rating, the 
simplicity and economy of the control is obvious. 
With the type of rheostat used, the excitation of the 
generators may be varied from full excitation in one 
direction to full excitation in the opposite direction, 
without opening the field circuit, and therefore, the 
ship can be brought from full speed ahead to full speed 
astern without opening a single circuit. 

Reserve power in the event of casualty to prime 
movers is greater with this type of drive than with any 
other. On the basis of the power varying as the cube 
of the speed, a three-engine unit Diesel-electric ship 
can make 88 per cent speed with two generators and 
70 per cent speed with one generator. 
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The Diesel-electric has the greatest range of applica¬ 
tion of any of the econornical drives (geared turbine 
and turbine-electric not excepted). Because of the 
inherent merits of this drive, it is very suitably applied 
to merchant ships, barges, river-boats, lake boats, 
ferry boats, small coast-wise vessels, yachts, fishing 
boats, coast guard cutters, cable la 3 dng ships, and any 
ship within its capacity requiring refined control and 
economical operation over a wide range of speed. 

As compared with any type of steam drive, the prin¬ 
cipal advantages of the Diesel-electric are: 

Fuel consumption. 

Weight, 

Control, 

Considerably more reserve power in case of casualty 


to prime movers. , , ^ • 

The principal advantages of the ^ Diesel-electnc 
drive as compared with direct Diesel drive are. 

ReliabiUty. Cylinder parts being thinner are not 
subjected to such high temperature strains in heads 
and liners as are the large low speed engines, and con- 
quently, there will be fewer breakages of these parts. 
Years of application and service demonstrate beyond 
a doubt the full reliability of electrical machinery. 

Maneuvering Ability and Control. The control is 
extremely simple, easily understood, and can e p ace 
anywhere on the ship. The enpnes run at constant 
speed and hence the engine reversing gear is eliminated. 

Weight. On a very conservative basis, the Diesel- 
electric should show at least 100 pounds less per pro¬ 
peller shaft horse power. . 

Propeller Application. Propeller speed notreshncted, 

and in the caseof large ships, onepropellerwould be use 

for Diesel-electric, whereas, because of engine con 

ditions, two would be used ^^ch 

Reserve Power in Case of Casualty. Very much 

greater with the Diesel-electric. 

Maintenance. For reasons ^^er Reliability ,th 
maintenance should be less. Furthermore due to 

smaller parts and reserve power, repairs to Diese - 

electric engines can usually be made on oar 
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while under way, providing sea conditions permit. 
The engines for Diesel-electric are designed and built 
on the same conservative basis as direct-drive Diesels, 
and are not the high-speed, short-lived submarine type. 

Less Starting Air. Diesel-electric requires starting 
air only during the initial start in port. Subsequently 
engines may be started electrically. No air is used 
during reversing and consequently, the air problem is 
reduced to simplest terms. 

Fwl Consumption. There would be little difference 
in the net fuel oil and lubricating oil consumption as 
the increased efficiency of screw and the reduced 
Strutt losses, with the low-speed single-propeller Diesel- 
electric, offset the twin-screw arrangement of the direct 
Diesel. From a standpoint of piston speed, the en¬ 
gines used for Diesel-electric drive are no different 
than direct-connected engines. (The former exceeds 
the latter only in revolutions per minute). 

Cost. The cost of Diesel-electric in some cases is less 
than the cost of direct-connected Diesel drive on 
present day figures, and will generally show a greater 
gap when fully developed along standardized lines. 

General Summary for. Merchant Ship Electric 

Drives 

In the way of a summary relative to all types of 
electric propulsive equipments for merchant ships, 
the following salient features may be reviewed: 

1. Electric drive is as reliable as any drive suitable 
for ship propulsion. 

2. Maintenance and repairs should not exceed those 
of other drives, and in some cases should show a saving. 

3. Electric drive is ideal for ship propulsion, and 
will soon be recognized (if it is not already recognized) 
as a standard type along with the reciprocating engine, 
geared turbine and Diesel engine drives. 

4. Electrical machines have longer life than en¬ 
gines or geared turbines (drives) and do not decrease 
in efficiency with age. 

5. Electric drive (Diesel-electric) is as reliable as 
any economical drive generally; weighs less than any 
other drive; is as economical as the best; in most cases 
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costs less than any other drive;* provides more reserve 
power in case of casualty to prime movers; and affords 
simplest and most flexible control. 


War Vessels 

The electric propulsive equipments for war vessels 
have been described and discussed in many articles 
in the technical press, and therefore, only the principal 
phases will be dealt with here. 

The fact that the last nineteen capital ships of the 
U. S. Navy are, or will be equipped with electric drive, 
is sufficient testimony in behalf of what the builders and 
users of war vessels think of its merits. The prime 
requisite of reliability in any type of machinery de¬ 
signed to propel war vessels was recognized in the elec¬ 
trical machinery at the time of the first installation. 
Also the calculations showed that the unit fuel consump¬ 
tion over a wide range of operating speeds should be 
better than anything yet proposed. Service operation 
of two 30,000-h. p. electrically propelled battleships 
has indisputably proved that the reliability is all that 
was claimed, and that the fuel economy as compared 
with other ships of the same type using direct-con¬ 
nected turbines with geared cruising turbines, is vastly 


superior. . 

Two other factors in which the electric drive shows a 
marked improvement over other drives, have been 
emphasized since the first battleship was built, 3^ 

the superior protection from torpedo attack afforded 
the machinery by virtue of the arrangement of the elec¬ 
tric plant, and the superior maneuvering qualities ot 
the electric drive. The large horse power require¬ 
ments of the present war vessels (60,000 h. p. an 
180 000 h.p.) preclude the use of reciprocating en¬ 
gine drive, and this leaves electric d^ve with a 
decided maneuvering advantage over any other form 

of turbine drive. . 

Of the two types of electric propulsive equipments, 

only the turbine-electric is suitable for propelling war 
vessels, because of the large capacities required. The 

"^predicted that future developments wiU bring the item 

of cost below that of any other driTe. 


nineteen drives installed and building employ essen¬ 
tially the same system in that induction motors are 
used in all cases. In details, the systems differ in 
regard to the type of induction motor. Of the three 
ships in service, (the Maryland having been recently 
commissioned), the New Mexico motors have the 
double squirrel-cage rotor winding, the Tennessee 
motors have the form-wound rotor with external start¬ 
ing and maneuvering resistance, and the Maryland 
motors have combined single squirrel-cage and form- 
wound rotors. Each of these arrangements has its 
advocates. However, continued service alone will 
decide which method is the most suitable, all factors 
being considered. 

Because of limitations in weight and space factors, 
electric drive is not well suited to small, high-power, 
fast craft such as destroyers and scout cruisers. In 
the case of ships where conditions are suitable for elec¬ 
tric drive, the following dicussion of the more important 
factors will be of interest; 

Reliability 

In all phases of the industrial field where electricity 
has entered, it has proved its reliability. With a good 
record for reliability behind it, electricity has set 
out to establish a similar record on the sea, and the 
experience of the two large battleships thus fa,r equipped 
with electric propelling machinery, and in service, 
shows that there will be a duplication of past satis¬ 
factory performance. The electrical machinery will 
be found to be in good condition long after the ship 
has become obsolete. 

The arrangement of units and distribution of power 
make it possible to supply balanced power to all 
screws in the event of casualty to one of the prime 
movers. In other words, the electric drive possesses an 
inherent advantage in regard to reserve power. 

Economy 

Regardless of calculations, the recorded performance 
of the electrically propelled battleship New Mexico 
has proved the superiority of the electric battleship in 
respect to fuel consumption. Recently published 
figures in the Marine Review show that the Idaho 
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and Mississippi use 20 per cent more oil at 10 knots 
than the New Mexico; 42.7 per cent more at 13 knots, 
48 per cent more at 16 knots, 40.1 per cent more at 19 
knots, and 32 per cent more at full power. This superi¬ 
ority in fuel consumption is not altogether due to the 
main units, as the figures include the oil consumed 
by the auxiliaries. There is enough difference, how¬ 
ever, to show conclusively that the comparison is 
very favorable to the electric ship. 

To show that the advantage in fuel consumption 
demonstrated by the New iVfeajfcoisnot a mere incident, 
it is well to note that theTennessee, which is a later ship, 
is showing even better results than the New Mexico, 
as was indicated when the two ships steamed together 
during recent maneuvers of the Pacific Fleet. Accurate 
measurement of unit fuel consumption during the 
official trials of the Tennessee showed that the actual 
steam consumptions were less than the guaranteed 
figures by amounts varying from 3 per cent to 8 per 
cent approximately. Thus the art of electric pro¬ 
pulsion is still progressing. The answer is found in 
the use of only a sufficient number of turbines for the 
load conditions, and in the two-speed motors, the 
combination of which maintains a higher average load 
on the turbines at a higher average speed. 


Manexjvering 

Owing to the availability of full backing power in 
the case of the electric drive ship, the latter possesses 
a marked advantage over the turbine ship in maneuver¬ 
ing qualities. As these were referred to under Mer¬ 
chant Ships,” it is sufficient merely to mention at this 
time that electric battleships can be stopped in con¬ 
siderably less time than is required to stop a turbine 
ship. The advantage of this feature “ 

the case of a war vessel. This is due to the combined 

action of quicker "eet-ups” md 

Further maneuvering i“lvanteges of fte eto 
drive are apparent from recent publications. These 
^vantages are chiefly concerned when 
leaving ports and maneuvenng therein. By oi»^ng 
STshli from one turbine set, the other, or others if 
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there are more than two, can be held in readiness for 
immediate service in case of necessity such as would 
arise from a mudded condenser or other cause. When 
maneuvering to get under way, operation from a single 
generating set inherently enables exactly the same 
speed—^but of opposite direction—to be obtained on 
the port and starboard screws. This is very desirable 
for the reason that the ship can be turned on its heel 
without making any headway. With different prime 
movers supplying power to the various screws, it would 
be difficult to maintain all the screws at the same 
speed and thereby turn in the same space. 

Control 

The control for the propelling machinery is 
centralized in one compartment and can be easily 
arranged to be operated by one operator. The flex- 
. ibility of the control is such that almost any emergency 
resulting from casualty to any equipment connected 
with the propulsive machinery proper, can be taken 
care of in brief time by disconnecting the disabled unit 
from the source of power. 

Maintenance 

The maintenance and repairs should show to ad¬ 
vantage because of the inherent reliability of electrical 
machines and the absence of wearing parts. Repairs 
of considerable magnitude can be made aboard the 
ship without removing the machinery. It is difficult 
to imagine a casualty to any one of the electrical units 
which could not be repaired on board the ship if cir¬ 
cumstances warranted it. 

Study of Performance 

The electrical instruments enable accurate and 
convenient observations to be made of the performance 
of the screws at any instant. The electrical instru¬ 
ments also provide a means for quickly detecting 
improper performance of the screws due to excessive 
shaft friction or damaged blades. The performance 
of all units, as indicated by the instruments is under 
the observation of the watch officer and control- 
room attendants at all times. 
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Discussion on “Electric Auxiliaries on Mer¬ 
chant Ships” (Dickinson) and “Electric Pro¬ 
pulsion OP Ships” (Thau), New York, N.Y., 
November 17,1921.. 

W. L. R. Emmet: There are one or two points 
in Mr. Thau’s paper where I think the case has been a 
little understated. In the matter of reliability I have 
always been of the opinion that the electric method of 
doing anything was the most reliable, and where 
anything was broken or damaged, electrical apparatus 
was easy to repair. I do not simply think it is on a 
parity with other methods. 

As to weight and space. In Mr. Thau’s statement 
about merchant ships, he has not called attention to 
the fact that in certain electric drive merchant ships 
already equipped, and possibly in many others, a very 
large amount of space, weight and cost can be saved by 
leaving out shafts and shaft alleys, and the arrange¬ 
ment of the ship can be made more convenient. 

Cost is a question which I think _ could generally 
be decided about as Mr. Thau has decided it, but there 
are many contradictions in that respect. S(^e bttie 
time ago we bid on equipments for some 12,000-ton 
transports that were being constructed m considerable 
number. We were the lowest bidders on electric drive 
and offered the best guarantees. We also made om 
electric bids on exactly the same profit that 

our sear proposition was based upon, in the c^e oi 
?hLe sK Sid the electric was the cheaper. There 
have been only a few electric-drive ships equipped, and 
fjIaSSy leared ships and when tl>«e two mettMs 
are reduced to a basis of comparison it has in 
?2es been found that the electric drive is not much 
mwe expensive than a conservatively proportioned 

®®fhS? is a suggestion in the paper of a possible 
difficulty through lack of trained men. I * 

Thmi does not consider, any more than any other elep- 
^ • i-irxrvcj thp'TG is any such disadyantage in 

Sa S* *ivt beSSISffthat he is sej enUm- 

lar the first day « o-n/i -Hint has been the experience 
whole operating force g,^en men, 

on ships. The Si^about the apparatus 

i&ranftSWo\een the experience 

l‘e“.SrofZwSance, the impression is given 
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in this paper that electrical machinery is on a parity 
in the matter of maintenance. The tJupiter has been 
operating for seven years without any maintenance 
expense, I am informed-—at least, I do not know of it. 
I do not think there is much to wear out in an electrical 
ship, so far as the electrical apparatus is concerned. 
You might have to replace a bearing occasionally, but 
normally, electrical apparatus of that type is virtually 
everlasting. In other forms of drive it is not always 
so. 

Another matter that I would take exception to, or 
at least state a little differently, is the matter of the 
efficiency of the synchronous motor, as compared with 
the induction motor. We have applied synchronous 
motors to several ships and what Mr. Thau says is in 
a way justified, because if you waste enough power on 
excitation, you may equalize the differences which 
exist between the efficiency of the two systems, but 
my idea of the electrical drive is a little different from 
anything that has ever been actually produced, because 
I would like to see the ship equipped with sufficient 
means for making electricity for auxiliary purposes, and 
if all the auxiliary operations in a ship were done electric¬ 
ally, and your electric power is made efficiently, the 
excitation would be seemed at a very low cost. 

If efficient power is obtained for excitation in con¬ 
nection with other auxiliary purposes, the synchronous 
motor will be something like 3 per cent better than the 
induction motor, and the apparatus will be materially 
lighter. 

Another point is that the synchronous motor appara¬ 
tus has an air gap on the order of three or four times 
as much as that which is practicable with the induction 
motor. 

Furthermore, the synchronous motor can be made 
vnth removable poles, so, without disturbing the posi¬ 
tion of the machinery itself, you can take off a pole, 
get at the stator to replace the windings without remov¬ 
ing or lifting anything. Such operations are very 
simple and easy. The ssmehronous motor is of rather 
simpler mechanism than the induction motor, because 
there are simple solenoids for field windings, the mov¬ 
able parts; in other words, there is a more easily 
repaired structure. 

As to some of the remarks about the Diesel-electric. 
I would like to push the Diesel electric along if it is a 
good thing, and for the sake of bringing out discussion 
I want to state that certain people, who are well 
infomed in the Diesel engine business, have given me 
the impression that the records to date indicate that 
the slow-speed Diesel engines were rather more practic- 
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able than the high speed. I do not see any very- 
inherent reason why the high-speed Diesel-engine 
might not be made good, but combustion takes time 
and it may be that there is something in this point. 

I do not think I could quite agree there-with Mr. 
Thau's statement that the a-c. Diesel-electric drive is 
out of it. I would not go so far as to say that, although 
I might possibly agree with him if I had his re^ons. _ 

One other thing which has not been mentioned in 
this paper is the advantage afforded by interchange- 
ability in electrical ship installations. On board -fche 
Maryland, the other day, we ran at 19 knots with 
one generator, a 21-knot ship; we ran 17 knots with 
only one generator and two motors. I say two motors 
—I mean two propellers trailing. In a passenger ship 
with two turbines designed to run 22 knots you could 
run at 18 knots with one generator. That is very 
desirable in many merchant ships—^to be able to run 
economically at lower speed. » j j 

Mr. Thau has not mentioned the advantage attordeci 
in warships of the change of ratio in the electrical 
motors. That is done in existing warships. I have 
heard statements to the effect that the Tennessee 
gained nothing through that change of poles, i do 
SrSidStand the ca^e for that. ^ The question was 
raised on board the Maryland lately, and trials were 
made at 15 knots, the manmum at whiA the 

low-speed connection can be run. At that speed tne 
oil consumption was 10 per cent lower; and the water 
oonsum-otion as reported to me was 7 per cent lower. 
At lowe? speeds there is, of course, a greater gam. In 

tion has been prepared in an impartial spirit with the 
pS.5? Otim&ng a of the outonding 

following: 

Group L— 2000 S. H.P 

(A) 

twin screw, iC) Wilcox boilers, also 

single screw, f^^le.eTOansion reciprocating 

Wilcox boilers, also Scotch bone ^ 
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Fig. 1—Geoup 1I~A. Diesel-Electric 

1. 6 eye.—600 B. H. P.—200 E. P. M. 2- Generator. 3. Main Motors 
90 E. P. M. 4. Control Room. 5. Diesel Gen. 6. L. P. Fuel Oil 
Pumps. 7. Ice Machine on Main Deck Stringer. 8. Air Compressors. 
9. H. P. Fuel Oil Pump. 10. Air Bottles. 11. F. O. Heater. 12. F. 0. 
Pump. 13. Donkey Boiler. 14. P. O. Service Tanks. 15. Air Bottles. 
16. Cooling Water. 17. Bal. & Cooling. 18. Standby Sub. Oil Pump. 
19. Fire & Bilge Pump. 20. Thrust. 21. Semi-Diesel Gen. 22.. 
P. W. Tanks on Main Deck, 




Fig. 2—Group II-B. Direct-Diesel 

1. Six—26"-43"—115 R. P. M. 2. Att. Blge. Sub. Oil~San—L. P, 
Fuel Oil & Cooling Pumps. 3. Diesel Gen, 4. Starting Air Tank over 
Main Deck Stringer. 5. Starting Air Tank under Stringer. 6. Standby 
H. P. F. 0. Pump- 7. F, O. Service Tanks. 8. Switch Board. 9. 
Air Compressor. 10. Fire—Bal.—San.—Cooling. 11. Cooling Water 
Pump. 12. Lub. Oil Pump & Emergency Air Compr. 13. Elec, Motor- 
Driven Air Compr. 14. Semi-Diesel Light Gen. 15. Ice Machine. 
16. Donkey Boiler for Heating, 17. Donkey F. O. Pump. 
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Group IL— 2600 S. H. P. 

(A) Diesel-electric, single screw. 

Direct-pis^l, S fuel, Scotch 

i'T’ “'Sta aSd^WUcox boilers.. (Pigs.- 3 

ST) 

KS;S SScKd wLa hoili.. (Fip. 5 and 
6.1 



3-aKO.P II-C. T.KBXK. B.KO.. R-CC.ON 

1 H P. TurWne. 2- L- ?• J"'J' ;;^p 8. San. 

4. Thrust. S. Generators. 6. Mam Cond^ - j,^^p„,^tors. 13. 

pump. 9.P- ^/"r Tran; 14-Marn Feed I^ps. S- 

^r:..“F^d"pum‘p^s. ia.";fwer. - - 

rmps"“t Mr“- ^Hot.eU Tauh. 34. OU Brain Tanh. 

Babcock and Wilcox boilers for installations (C) 
(D), {E), Fis . based on merchant marine 

reqSmS^^sLll.SabS’lndSTi^taf- 

Staf^of s^A wonld be practicable with each 

type of machinery. j^iake the comparisons 

It has ^ would have been the case if 

as careMly and for a proposed order. 

they had been estimated Wion w^ P 
The ratio of^haftkome Pow 

KSmeST4 Sc&g engines, 0.92. 
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Fig. 4—Grotjp II-O. Quadruple Expansion 
Reciprocating Engines 


1. 24''x35"x51"x75"x51" Stroke, 70 R. P. M. 2. Generators. 
3. Tlirust. 4. Main Cond. 5, Main Circ. Pump. 6.' Comb. Air & 
Oirc. Pump. 7. Aux. Cond. 8. Att. Air & Bilge Pumps. 9- Main 
Peed Pumps. 10. Hotwcll Tank. 11, Donkey P. Pump. 12. Aux. P. 
Pump. 13. Blower. 14. Bal. Pump. 15. San. Pump. 16, Evapora¬ 
tors. , 17. F. W. Pump. 18. Evap. P. Pump. 19. Ice Machine. 
20. Oil Trans. Pump. 




Fig. 5—Group 11-E, Turbine-Electric 

1. Turbo Generator & Exciter. 2. Motor, 100 R. P. M. 3. Generators 
4. Main Cond. 5. Main Oirc. Pump. 6. Aux. Cond. 7. Comb. Air 
& Oirc. Pump. 8. Control Room. 9. Main Feed Pumps. 10. Hotwell. 
Tank. 11. Aux. Feed Pump. 12, Blower. 13. Ballast Pump. 14^ 
San. Pump. IS, Bilge Pump. 16. P. W. Pump. 17. Evap. Feed 
Pump. 18. Ice Machine. 19. Main Air Pump. 20. Oil Trans Pump 
21. Thrust. 
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The installations of Group I are smaller than would 
usually be adopted in merchant service, but the com¬ 
parisons will hold fairly closely. The information 
from which these comparisons were made was largely 
taken from detailed estimates and are closely approxi¬ 
mate The principal elements of each installation are 
tabulated in Tables I and II from which it wiU be 
noted in Table I covering Group I and Table \I, 
covering Group II, comparisons are made ^th “oth 
Babcock and Wilcox watertube boilers, and Scotch 
bSlers, allowance being made for some increase m 
heating surface of the watertube boilers. In a mer¬ 
chant vessel the installations. Group I could occupy 
more space athwartships, as the beam would be greater 
than here shown. 



The principal pon^ auihSieE p^pingf engine and 
weights, whiph me u ^ gratings, water, etc., 

fire room floor gates, laddCTs a s ^ 

weight per S. P^SnSy installations, fuel con- 
required for the machinery in yig. 7. 

sumptions, etc., ar® go „„j.v somewhat from those 

These data, it in regard to weight and costs 

of Mr. Thau, g^Sine?y Table III, compil^ 

for Diesel-eleetric machinery comparison 

from Tables I and^ II, , _ space requmed, 

of wet weights, J^iines Si watertube boilers, 

and II, ^ as follows: 
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(6) With Babcock and Wilcox boilers. 
is) With single and Scotch boilers. 
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It is of course known that the weights and other 
characteristics of machinery construct^ by different 
builders vary considerably, which doubtless accounts 
for much of‘the difference between the conclusions ot 

Mr. Thau and the above. . 

These tables also indicate what is well knovm but 
often overlooked— that small engines and machinery 
generally weigh less per horse power than large machi - 
ery. These figures for the entire machinery installa¬ 
tions, also generally correspond in this respect. 

would favor the Diesel-electric installation. 


§400 x 600*^ 
uj w . 

^ f5 V 


5200^ 400 ^2.00^30 


On 200^ 1-50 §20 
o 

LJ ^ 

0 g 1-00 ^10 



Pig. 7-CaMrAEisoyF Weights and^Cost^o^^^^^ 

wt. Toas 

per S r-Eela«ve Cost .Ult 

Boilers. E—luei<.ni g^otcli Boilers. 

B. & W. Boilers. G—Same wiru «=■ +• o in 

, The above outline wTtaiow that 

design and follow incorporated to show 

some features f discussion of this character 

more favorable result , g^gam pressures, higher 
such, for example, as ^ea . such instal- 

superheat, ’if ^Seffiper’ation and while they 

lations require ’^S^iuv bS^er results, under the ordi- 
may show theoretically ^tt^^ recom- 

Jf S?eS wtoe tWy are to he operated with 

Sif required hnowkdge^und 

In rVrd-to fnel, with.th® PJ^s^ 40 

conditions it is frequentiy_n^^ ^ tham for 

-pSV ‘“I*- 

ISS are Modifying these conditions 
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It will be understood that other arrangements in 
uissinular vessels will work out somewhat differently, 
but the foregoing indicates substantially the condi¬ 
tion in the arrangements described. 

It is quite apparent that the comparative advantages 
ot Diesel propelling machinery or Diesel-electric ma¬ 
chinery are^ considerably less in installations for oil 
tanters, owing to the large amount of steam required 
tor heating heavy oils during the voyage and when 
discharging. 

^ ‘ Smith: On page 1436 the author states 
that economically a geared turbine drive is generally 
more ef&ient than an electric drive. I have also found 
this to be true, the saving in steam consumption in 
lavor ot the geared-turbine machinery being from 4 to 
o per cent. This feature is of especial importance, 
because statements to the contrary have been made 
frequently. 

It is also pointed out on the next page that geared tur¬ 
bine machinery can use high degree superheat. This 
is also a fact. Some fairly large passenger steamers 
with geared turbine machinery using 200 degrees 
^perheat have recently been put in service by the 
Ounard and other leading British steamship lines. It 
IS important to point out here, also, that misleading 
statements as to the inability of geared turbines to 
use high degree superheat have frequently been made. 

We have made a number of designs for different 
types of machinery, but have not found the differences 
I? referred to by the author. We have found 

that ail of the types referred to occupy about the same 
space except the turbine-electric machinery, which 
requires more space, and especially when the motor 
IS located aft, I might add that where the motor is 
located aft, I do not think it is permissible to eliminate 
the shalt alley. ^ I do not quite agree with some other 
gentlemen in this respect. I think it is essential for 
the engineer to be able to visit the motor room easily 
and frequently without having to go up on deck and 
make an excursion such as I had to make on an electric 
ship not long ago. 

The author refers to the saving effected by eliminating 
the boilers, but neglects to say that Diesel machinery 
^4ar larger and heavier than the remaining machinery. 

picture of eliminating boilers and pointing out 
the rest of the machinery as comparable with Diesel 
engines as to weight, space and cost, is often indulged in 
It is, however, far from the facts, since the Diesel 
engine installations occupy about the same space, and 
weigh nearly twice as^ much as a complete steam 
installation including boilers. 
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On page 1438, the author’s statement as to the cost of 
the various types of installations is at variance with 
my experience. I have found _ the cost per shaft 
horse power of complete machinery installations of 
cargo vessels of ordinary size to be relatively about as 


follows: 

1. Geared turbine vessels —50 degrees 

superheat.. $122 

2. Steam engines^—^saturated steam. 132 

3. Diesel engine—direct drive, twin screw 240 

4. Diesel engine—electric drive, twin 

screw ... 260 


Variations in designs and conditions would modify 
these figures somewhat. This would apply to modi¬ 
fying item 4 to single screw. As the size of vessel 
decreases, the direct-drive Diesel installation works 
out to better advantage. 

Referring to the table on page 1440 a,nd to the number 
of men allowed for the Diesel electric, I should say 
that this class of machinery would require at least 
as many men as other types. 

I understand from the paragraph on maintenance 
that the Diesel-electric is supposed to be less expensive. 
This, I think, is very doubtful. My experience with 
marine machinery is that high-speed reciprocating 
engines are more expensive in maintenance and are 
avoided for that reason. Certainly the slow-speed 
engine is the one most favored for reliability and low 
maintenance. I do not think many marine engineers 
will accept the author’s appraisal of that item, which 
at best is a very uncertain one. _ _ 

Referring to performance characteristics on page 1441, 

I wish to call especial attention to one feature of 
electric drive machinery" which I think is very rauch 
over-rated and over-advertised that is, its bactong 
and maneuvering qualities. (It may be noted here 
that direct-turbine drive installations are not con¬ 
sidered in the following or at all in this discussion.) 

About the only time when the full backing power of 
the ordinary ship is required is when stopping m emer¬ 
gency at full speed or nearly full spe^. I will the^ 

fore consider only this lattfer condition because the 
ordinary requirements of backing are fully met by all 
of the types of machinery under discussion. 

Many persons seem to have a misconception as to 

the backing power of the “ 1;ent full 

is supposed that the en^ne develops per cent tuU 

nower when stopping at full speed, ihis is not tne 
facT oXabout half of the full power is developed. 
("See tests of U. S. S. Delaware, Birmingham, Salem, 


(See tests 
etc.) 
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This is due to the fact that, when wide open in either 
direction, the m. e. p. and the torque of the engine 
are approximately the same. Due to charac¬ 
teristics of the propeller in reversing, the full torque 
gives an average rev. per min. in stopping only haii 
of the ahead rev. per min. Consequently,'the astern 
power is only half of the ahead power. In this con¬ 
nection, it would appear better to refer to backing 
torque instead of backing power. 

The torque of the turbine increases as the speed de¬ 
creases, and it is also possible to allow an increased 
steam flow for emergency reversal, which, as is w’ell 
known, is required very seldom indeed; consequently 
properly designed astern turbines will develop from 75 
to 100 per cent of the ahead full torque when required. 
This has been proven to be quite ample; which is a 
point which is well to keep in mind before making asser¬ 
tions to the contrary. The above refers to compound 


reversing geared turbines. . . , , . 

It is also well to keep in mind that the thrust ol 
the propeller under such conditions depends as much 
on the size of the wheel as on the torque applied to it. 
Consequently the latge slow wheel of a geared torbine 
may retard more than a smaller and faster wheel ol 
an electric drive. I mention this because we are 
nearly always urged to use from 20 to 40 per ^nt 
higher propeller speed for electric motor drives than 
for other types to reduce the size, weight and cost 


of the motor. . , . , 

I believe that the motors of electric drives are good 
for a reversing torque of one and one-half times the ahead 
full torque, the pull-out torque being double. In 
order to obtain the superior performance referred 
to by the author and others a torque of one and one- 
quarter to one and one-half times the full torque is 
imposed on the motor in reversing. This results in 
one of two effects: Either the normally designed shaft¬ 
ing, propeller, etc., are stressed beyond the safe limit; 
or the shafting, etc., must be increased in size, weight, 
and cost to allow for about 50 per cent more strength. 

It is my opinion, from careful observation and study 
of this subject, that this feature is unnecessary pd 
undesirable for ordinary vessels. I think the shafting, 
etc., should be designed as usual and the motor twque 
limited so as not to exceed the maximum designed 
stress. With such an installation, there would be 
practically no difference in the possible backing torques 
of different types. In this connection, I may call 
attention to the fact that the full backing power of 
steam engines and steam turbines is seldom used, and 
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especially on vessels of high power, for the reason 
that heavy vibrations are set up. In very high-powered 
vessels these vibrations are unusually violent; so much 
so that I doubt the wisdom of applying even the full 
torque to vessels such ^ scout and battle cruisers. 

In general, the backing power of steam engines and 
compound geared turbines is ample; it meets the re¬ 
quirements, and no more has been called for. Con¬ 
sequently, I fail to see the advantages of giving more 
than is needed or used. 

On page 1463, also the author refers to the superior 
maneuvering qualities for naval vessels. Rapidity 
of reversal is a point often referred to in this connection- 
This advantage does not appear to be of _p'eat im¬ 
portance, since all types can be handled quicker than 
they usually are. Also, all types can he reversed m 
10 to 20 seconds, which is satisfactory, considenng that 
the propellers must act for a considerable peiioci oi 
time to overcome the momentum of the ship. 

In general, I consider the superior backing and ma¬ 
neuvering qualities of electric drive as largely theoretical, 
and believe there is little if any real practical advan- 


to page^l457^,^lie author states that the 

giving particulars in Table I to show that there is a 
wide difference between these data and the authors 
onions In general, I think the author’s clams and 
conclusions would be more convincing if 
had been given. Specific and accurate comparisons 
are the best methods of determining which the^^^^^ 
type of machinery for a Particular and serw 

and this method is suggested to the shipowne^^wh^ 

has to choose a new type of published, 

and reliable comparisons this kind are puDiyne 

there will be much room for 

Referring to page 1457, direct-drive 

advantages of the Diesel-electrie e^t 
Diesel are not concurred in. i snouia w 

ap by switchboai^s switchm^ 

advantage in propeller apphcatton excep 

.complication when twin ^ rews single- 

TerSiier fS? 

jlSTe O' Pi^l-dsctric 
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has been more closely limited than in any other type. 

The author states that the engines are designed and 
built on the same conservative basis as direct-drive 
Diesels. His views in regard to conservative designs 
and revolutions are evidently at variance with 
of most marine engineers. It is the general view that 
low-revolution engines are the more reliable. I do 
not think engines at 250 to 350 rev. per min. will be 
accepted as equally as conservative as engines at 75 
to 125 rev. per min. In general, the use of high-speed 
engines is regarded as questionable, and they are con¬ 
sidered as not sufficiently conservative. 

If a high-speed engine should prove desirable because 
of weight, cost, etc., it would seem that the mechani¬ 
cal gear offers a better solution of the speed-reduction 
problem than the electrical. It is far lighter, cheaper 
and more efficient. I note that a new vessel for the 
Hamburg-American Line (the Havelland) is being 
equipped with such an installation. It may be pointed 
out, however, that there may be special reasons for 
making this selection. ^ i i ' 

In connection with the use of high-speed Diesel 
engines, two of the oldest and most experienced builders 
of marine Diesel engines do not advocate this appli¬ 
cation, although they build high speed engines. 

Referring to page 1458, we estimate that the fuel 
sumption of the Diesel electric will be from 12 to 15 
per cent more than the direct drive, and that the pro¬ 
pulsive efficiencies will be approximately equal. 

In the general summary, the author states that 
the Diesel electric weighs less and costs less than 
any other type, which, as pointed out above, does not 
agree with our data. 

The author states that geared turbines are 
better for destroyers and scouts than electric drive. 
Since the former type of machine is superior for such 
vessels, it is not clear to me why this superiority dis¬ 
appears when it comes to battleships and battle cruisers. 
The following seems to established: 

1. The electric-drive machinery weighs from 75 
to 100 per cent more than the corresponding geared 
turbines and costs about in the same proportion. 

2. The steam consumption of the electric drive is 
from 4 to 8 per cent more at full speed, the boilers and 
auxiliaries being heavier to a slightly less extent. 

To offset these, the advantages claimed for the elec¬ 
tric machinery do not seem to be very substantial. 
The above are measurable and tangible advantages for 
the geared turbine, which are opposed to a number of 
rather intangible ones for the electric drive, which 
to me do not seem to be of equal importance. 
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In this connection it is interesting to note that the 
British battle cruiser Hood is equipped with geared 
turbines which develop 150,000 horse power. The 
machinery of this vessel has been a marked success. 
It would be of special interest to compare the machinery 
of this vessel with the electrically driven machinery 
of our vessels. 

As noted in the beginning, the essence of this paper 
is electric drive. Electric-drive machinery is a splendid 
engineering achievement, and its mechanical operation 
is, without doubt, superior to mechanical gearing. 
The absence of meshing teeth and the smooth, flexible 
operation appeal to the engineer. However, these 
features are not the chief ones in deciding the type of 
transmission. The selection of the best type is largely 
a matter of economics. We must be guided by com¬ 
parative data and statistics as to first cost, weight, 

. fuel consumption, cost of operation, etc. These hard, 
cold facts will largely decide the best type. 

I have made a great many investigations and com¬ 
parisons of these transmissions, and so far the results 
have always shown the mechanical-gear machinery to 
be superior to the electric. In fact, the advantage has 
been found to be very large, so much so that the elimi¬ 
nation of electric transmission except in special cases 


is indicated. . 

Personally, and as an engineer, I like the operaticm of 
electric transmission and will advocate its use when¬ 
ever it is warranted. I am not opposed to electric 
drive, but I am opposed to attributing to it advantages 

which it does not possess. , 

In closing, I may say that American ships must have 
the most economic type of in^chinery so as to meet 
competition, and our purpose in the analysis 
tion of machinery should be the accomplishment o 

this end. 


TABLE IV. 


1. 

2. 

3. 

4. 


and 


Number of Screws. 

S. H. .. 

Rev. per min.—propeller 
Fuel consumption, lbs. of oil] 
per S. H. P. (all purposes)! 
Weight of all engines 

boiler-room machinery | 

. wet, tons.. 

Weight per S. H. P.—lbs, 

Cost of machinery. 

Cost of machinery. S per] 
S. H. P. 


Steam 

engine 


Direct- 
Geared drive 
turbine Diesel 


1 

2,700 

SO 

1.30 


627 
- 509 
$355,650 

132.0 


1 

2,600 

80 

1.08 


449 

386 


Diesel- 

electric 


2,600 

115 

0.45 


786 

676 


$319,000j $625,700; 
122.5 i 241.0 


*Good for 10 per cent more 7 cent can be 

tBepresents good average performance, 5.7 per ce 

for high performance. 


2,000 

120 

0.53 


'■ f 571 
671 

$526,000 
263.0 _ 

deducted 
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Q. B. Newman: I wish to speak briefly on one 
application of the electric drive with which the Coast 
Guard has recently had, and is now having some new 
experience—the turbo-electric synchronous motor drive. 
The cost guard cutter Tampa was the first ship in 
the world for which a synchronous motor was eyer 
proposed. When this type of drive was first ^^S^^sted 
to us, and we began to look into it, we found that it 
appeared doubtful whether the synchronous motor 
would maneuver under the conditions that are met 
with in a ship—that is, whether it would start^ under 
a heavy load.’ In order to determine that point we 
asked the General Electric Company to build an experi¬ 
mental set and simulate ship conditions as nearly as 
they could. They built a 300-kilowatt set, which they 
coupled to a direct-current generator, and by that means 
they could put on any load they pleased. This 
ratus was subjected to all the tests we could think of, 
and it maneuvered perfectly. Then we tried to wreck 
it by doing things wrong, but found it impossible to 
do any damage, and so we decided it was a pretty good 
motor. We had no way of determining whether in a 
seaway with a racing propeller, when the load is sud¬ 
denly thrown off and suddenly reapplied, the motor might 
not fall out of step. So far we have not had an oppor¬ 
tunity to determine that. The Tampa was ^ built in 
Oakland, California, at the works of the Union Con¬ 
struction Company, and has made only one cruise, 
from San Francisco to New York, and the captain 
says he encountered no bad weather on the voyage 
to test that. However, we have no apprehension 
on that subject. 

The Tampa is 240 feet long over all, 39 feet beam, 
and about 14 feet mean draught, 1640 tons displace¬ 
ment, and has a block coefficient of 0.4765. She has 
16 knots speed, and will do better than 2600 horse 
power. 

The chief advantage of the synchronous motor 
(which Mr. Emmet has already mentioned) is the matter 
of accessibility for repairs. By the removal of the pole 
pieces on the rotor, any part of the motor can be 
repaired without lifting anything heavier than one 
single pole piece. I do not anticipate that we shall 
have to repair the motor, but in case we should have 
to do so, all parts are easily accessible without lifting 
any weights. 

The matter of weight was the determining factor in 
our selection of this type of motor. We looked into the 
induction motor, but the lines of the ship were all fine, 
and she would not carry the weight; and the lines of the 
appropriation were still finer, and they would not carry 
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the cost, and the synchronous motor was automatically 
selected. The results we have obtained are not at all 
conclusive so far as fuel consumption is concerned. 
The results vary radically. We hope in the course of 
time to get some reliable information, and that will be 
published. As a basis of comparison, I will say on this 
ship we have installed two Babcock and Wilcox boilers 
built for installation in mine sweepers. The mine¬ 
sweeper contracts were cancelled, and the Navy then 
sold us the boilers for installation in these ships. We 
put on superheaters, and I believe we used higher air 
pressure than the Navy intended to be used on the 
mine sweepers. They were designed to develop 1400 
indicated horse power on triple expansion, which I 
think is about 1300 shaft horse power. The T ampci has 
developed 2900 shaft horse power, a good deal more 
than 100 per cent over the estimated power of the mine 
sweepers. There is a difference to be expected in the 
economy of reciprocating and turbo-electric drive, but 
whether we should take this as a basis of comparison 
between the reciprocating engine and the turbo-electiic 
ship, I am not prepared to say. , t i, 

Our first requirement in the Coast Guard, I shoula 
say, is responsiveness, because the matter of maneuvCT- 
ing is of the first importance. It may not be so with the 
merchant ship, but we were very much interest^to 
know how quickly we can get a response to a signal 
from the bndge. It has been found on a number of 

occasions, with the ship going the 

motor will reverse in eleven seconds from the time the 
Snal is given from the bridge. At that sp^d the 
S can be brought dead in a little more than her own 
Sth. In backing and filling the response is instan¬ 
taneous—you cannot tell when it starts. _ 

^ There is one point that Mr. Thau brings out, in 
connection with synchronous motors, ^at I do not 
Ste asree S. He says that the synchronous motor 
^ T more complicated mechanism. If you eliminate the 
ordin^rrsqSSSe induction motor, which I have 

induction motor—that is, a motOT in wnic y • 

external secondary for a full power run 

cage winding for maneuvering and ^ ^n ^ fn most 
you have an ordinary d-c field^he sai^^ 

Respects, ^ the gen^atofif the 

is in the line of ^®mg m ^ ciwitches and apparatus 
same sort of c 9 ™^tions l^rator and the motor. 


1484 


ELECTRIC PROPULSION OF SHIPS [Nov. 17 


machine than the induction motor with external 


irOSTStj^TniCG * 

A few words on. the control. The handling gear 
consists of two levers, one being the direction lev^ ana 
the other the steam lever. A man who can take charge 
of an installation with ordinary reciprocating engines 
can go on hoard and handle this ship without additional 

instructions. , . i i ^ 

The switches are operated on solenoids, but provision 
is also made for manual operation in case the solenoids 
are thrown out of operation. It is impossible 
form any operation out of its order. You cannot 
on or off the main circuit when the fields are excited, 
and you cannot throw on_ or off the fields if the 
circuits are open; and so it is a very safe sort of thing 
so far as a man’s being excited in an emergency and 
doing the wrong thing—^you cannot do the wrong 


Elmer A. Sperry: Mr. Thau’s paper devotes con¬ 
siderable space to Diesel-electric transmission.^ We all 
appreciate the suitability of the turbo-electric drive, 
where the turbine needs assistance in the fact that it 
will only run one way and is almost impossible when 
asked to go through severe maneuvers. But with the 
Diesel or oil engine the matter is entirely different. 
Here we have an arrangement which will run one way 
as well as the other, and in quick reversing may be made 
about the equal of the reciprocating steam engine. ^ 
In the case of the oil engine the greatest problem is 
simplified over the turbine in two ways. The speed is 
lower, and the other important difference is that the 
oil engine gives full and quick reversing, so we do not 
need the electric plant for the purpose of reversing, as 


we do with the turbine. mi i i. • 

We should look at this matter squarely. The electric 
propulsion of ships is good and should be used Y.? 
not know any better way. However I, for one, believe 
that there is a better way in the heavy duty air-gap 
drive that has now been under test for upwards oi two 
years, and I give fair warning that this may he found 
to entirely supersede the electric propulsion of ships. 
It makes a number of substantial contributions, not the 
least of which is the opening up of new fields of useful¬ 
ness for reciprocating oil engines by permitting geanng, 
and comparatively inexpensive gearing, to be dnectly 
driven therefrom under conditions of practically no 
wear and with entire success. . 

Many attempts have been made to drive gears with 
reciprocating engines, but the crank-whip and general 
thrash due to the irregularities in the crank effort have 
intervened and over-stressed the material at the surface 
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of the teeth, causing pitting and peening and early 
destruction of the gear. The thrashing soon causes 
them to run so roughly as to become irnpossible. 
Examination indicates that not only the positive side, 
but also the negative faces of the teeth are pitted and 
peened and receive serious weg^. After years in -which 
the struggle was practically given up, it has suddenly 
reached a complete solution in the endeavor to secure 
extreme lightness in very large aircraft engines of 
1000 horse power or "more, where engine speeds ha-ve 
had to be pushed considerably beyond the economic 
speed of the air propeller. .r, i,- ^ j 

At this juncture an Italian engineer, Pomellio, found 
a very complete solution. He divorces the pinion from 
the mass moments of the crank and allows the latter 



Fig. 8 

uinion being driven through an 
to “run wild, tiie is found to completely 

elastic link (see Fig-. °)- , -r^oke the gear drive 

smooth out the elastic link does not require 

t'eS*^»ntSffnSe1>^We S only, the negative 
faces not even “Jjft'of a heavy airplane 

K‘feeM“fpe’i Shaft. The 
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peculiarity of this drive is that, rigidly mounted on the 
conical end of the engine^ shaft, is a slender hub ter¬ 
minating at the extreme right in a thin disc with deep 
gear teeth of peculiar shape cut in its broadened periph¬ 
ery, shown also in elevation in the detailed quadrant in 
the little view below and to the left. The pinion is 
mounted independently of the crank shaft on heavy 
ball bearings, plainly to be seen in the lower part of the 
figure, and the only connection between them are 172 
broad, highly tempered steel springs entering the teeth 
in the shape of radial hairpins, each held on two pintles. 
The thrash of the crank shaft is taken up completely 
by the springing back and forth on the part of the 172 
sheet steel leaves, allowing the pinion full freedom to 
accommodate itself entirely to its master gear on the 
upper shaft. The smoothness of the operation of this 
arrangement leaves little to be desired. 

There are two forms of the elastic link available for 
this purpose—the magnetic and the mechanical. The 
latter, though extremely highly organized and made up 
from a great many pieces, is lighter and better suited 
for aeronautical work. So entirely successful are these 
geared reciprocating sets in the larger geared engines, 
that one is now coming forward of 1600 horse power, all 
rendered possible by a complete separation of the crank 
shaft and the pinion teeth, which are thus safeguarded 
completely from the thrashing of the crank shaft. 

The above method is not the one used in power 
plants of ships, because we have a better and rnore 
complete elastic link in the magnetic air-gap drive. 
Besides, this drive makes a number of other important 
contributions in connection with ship's plants, but I 
have dwelt in some detail upon the above hairpin drive 
to ernphasize the point that whenever the pinion is given 
full freedom, geare operated by reciprocating oil engines 
are perfectly successful and are now available, this 
having received complete demonstration under service 
conditions. 

The magnetic form of the elastic link is much simpler, 
having two as compared to some 260 parts in the 
mechanical drive. It also gives more complete and 
smoother operation. This is quite outside its import¬ 
ant two-fold .contribution in case of oil-engine ship 
propulsion, because, while for the first time it renders 
comparatively inexpensive gearing entirely successful 
with reciprocating engines, it goes still farther and takes 
care of all fractional speeds in the lower range, where the 
Diesels are found to draw too heavily on the starting 
air reserves. They run with, good reliability at, say, 
one-quarter speed or below. Why go lower when the 
magnetic air-gap clutch takes care perfectly of all 
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fractional speeds even down to complete stopping of 
the tail shaft? 

The provocation for use of electric propulsion existing 
with turbines which will not reverse and are involved in 
such destructive superheating troubles whenever they 
are forced to go through this maneuver, does not exist 
with Diesels. The Diesel will run in either direction 
equally well and responds perfectly and instantly to 
the reversing maneuver. 

As we all know, the reciprocating steam engine, 
barring foaming boilers and condensation troubles, 
makes by far the best engine for ship propulsion. It 
maneuvers perfectly and, while it has complete fle:nbii- 
ity yet it will give instantly full power astern or ahead 
at will. Compared with this performance, for m^pce, 
just what is supposed to be the contribution of Diesel- 
electric propulsion? 



Fig. 9 
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3. Flexibility .—The Diesel will run with as great 
reliability as steam at all speeds but the lowest. Here 
the Diesels are found to draw too heavily on the starting 
air reserves, as stated, so they may be left running^ at 
full or fractional speeds while the electric transmission 
does the rest and allows the propeller shaft full range 
down to just turning over if necessary for slow headway. 
This is precisely the function of the loaded secondary 



Fig. 10 



Nofi Magnetic Approx. Relation of 

of Qectric Conductor Teeth at Max. Toraue 

Fio. 11 

in the air-gap clutch. The continuous operation at all 
fractional speeds is provided for and at many times 
the efficiency of the electric drive and without its weight 
and expense; and as to the important matter of space 
with a plant located within the flywheel of the engine 
itself. 

4. It is supposed to make the farther doubtful 
contribution of avoiding reversing oil engines. Revers¬ 
ing Diesels were formerly so complex that there was 
little wonder that reversing relief was sought in the 
electric plant, but this has now been done away with. 
For instance, the 32 cams for each four cylinders for 
full air starting and reverse has in the new engines been 
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reduced to 5 and the problem no longer exists.* The 
maneuverability with these engines and the air-gap 
clutches accomplishes all that the full electric plant 
does, at a very great saving of plant and control equip¬ 
ment. 

Taking up the detailed construction of these clutches, 
a brief statement might be made as follows; 

The clutch is characterized by two kinds of torque 
operating by opposite phenomena; the greater the 
differential or relative velocity between the driver 
and driven parts (so indicated in Figs 10 and 11), 
the greater the torque available for starting and for 
bringing up to synchronism. This phenomenon also 
provides for slipping and continuous operation at all 
fractional speeds by means of the loaded secondary 
effect acting as an induction motor. The electrical 
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amount of coil excitation. This is plainly seen by the 
height of the curve at the right in Fig. 12. However, 
when the speed comes up in the vicinity of synchronism, 
shown at the extreme left in Fig. 12, locking occurs and 
the parts assume the relative position shown to the 
right in Fig. 11 where enormous pu.ll-out torques are 
present, as indicated by the height of the curve at the 
extreme left, as stated. 

In Fig. 9 the casing containing the low-speed gears 
is an entity by itself, especially with respect to any , 
extreme alignment requirements with the engine. The 
air-gaps in the fly-wheels allow of considerable leeway, 
both endwise and laterally. The pinions are mounted 
on hollow quills, and complete flexibility is assured by 
the steel plate coupling located at the after end of each 
pinion. No amount of “weaving” of the foundations 
forming a part of the ship’s structure in changing the ’ 
alignment, will disturb the perfectly smooth running 
of these low-speed gears. 

With this clutch and the engine combination shown 
in Fig. 9, several very important advantages are secured: 

1. We have available on a single propeller all the 

advantages and flexibility of a multiple engine equip¬ 
ment, where one engine rnay be shut down and com¬ 
pletely disconnected for inspection, valve grinding, etc., 
and yet the ship is going forward at three-quarters 
its normal speed. _ _ _ . 

2. We have the complete flexibility of the electric 
■ drive without the expense, weight and space of the 

electric generators and motors, as stated and the 
cumbersome electric control equipment for handling 
the heavy currents in maneuvering, and the double 
losses of generators and motors which are of substan¬ 
tial amount and a constant drag on plant and fuel 
economy. , , , 

3. The simplest form of gear drive may be employed 
because the magnetic clutch allows the pinion to be a 
complete “floater.” The pinion^ may thus accommo¬ 
date itself to any want of precision and all sorts of 
idiosyncrasies of the main gear and teeth without shock. 
Any irregularities existing in either main gear or pin¬ 
ions thus have to deal only with the small masses of the 
pinion itself and its stub shaft, being completely iso¬ 
lated from the large mass moments of the engine. 

4. The torque, being under complete control, can 
be lowered so as to safeguard the equipment against 
overloading, especially when sailing in obstructed 
harbors, near derelicts, and where floating obstacles 
are likely to be encountered by the propeller blades, 
thus providing an important emergency diswnnecting 
gear breaking away from the large revolving engine 
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running at one-half normal speed, the second when 
running at one-third normal speed: 

Fred C. Bates: In 1895 I made a trip from Ger¬ 
many to China on the North German Lloyd steam¬ 
ship Prim Heinrich which was exclusively equipped 
with electrically operated cargo winches, the first 
ship that was so exclusively equipped. The electrical 
equipment, consisted of two 75-kw. and one 35-k\v. 
direct-connected, direct-current, 125-volt generators 
and six cargo winches mounted on deck. 

Many things have changed since 1895. I would, 
however, venture to assert that the weather conditions 
under which operation must he maintained are just 
as vicious in 1921 as in 1895, and that the tricks of the 
gentle stevedore, be he black, white, brown or yellow, 
are just as stupid and just as rough as ever. 

The ship was built by Friedench Schichan & Com¬ 
pany at Elbing, near Danzig. She was 11,000 tons 
displacement, made about 14 knots, and 
mixed cargo and passenger service in the _ tropics, 
hence the use of electricity in order to mairrtam a cool 
ship. The electrical equipment was furnished b> the 
Union Elektricitats Gesellsctoft, since absorbed j 
the Allegemeine Elektricitats Gesellsehaft , , 

The capacity of the winches was 6600 pounas 
1 64 footSnds or 3300 pounds at double spe^. 
kht motorn were from 10 to 15 horse power capacity 

sK'irofdef ?eady for seryice m the next 

P«f 

ofS! ’SrSJoX 

at sea the apparatus can ^ protecte^^^^^^ 
but in port the ^ weather. The location 

erate ^ tackle determines 

with respect to hatches a appa- 

the amount of PJ^^^tt afigSrS rule any sort of 

Sr’S%e’'=l 

Sli to Si&d'W aid waves. 


1494 


ELECTRIC PROPULSION OF SHIPS [Nov. 17 


The duty of such winches is most difficult. Long 
pieces of cargo such as bar iron or fabricated steel, 
if unskilfully “slung” will jam across the hatch opening. 
The operators often run out 10 or 20 feet of chain and 
“break out” the cargo with a winch at full speed. 
All this abuse requires extraordinary strength in shafts, 
keys, couplings, gears, etc._, and most careful selection 
of electrical protecting devices. 

We sailed from Bremerhaven, having loaded ship 
with her own electric power. At Antwerp the hy¬ 
draulic dock equipment was used for loading and un¬ 
loading. Our electric power was used in South¬ 
hampton and also for light duty at Genoa and very 
heavy duty at Naples, where all the vdnches broke 
down, and we sailed for the Far East with 4000 tons 
of cargo and not a winch working. It was quite evi¬ 
dent that this particular equipment was inadequate. 

The controllers were changed when we returned to 
Germany, but they were not successful and were 
changed again upon the second return. This time 
they were found to be entirely successful. I secured 
my acceptance of the equipment at Port Said and 
returned home on another ship. 

We left Germany without spare parts of any kind. 
At every port we made vain efforts to secure electrical 
supplies; none of the big shipyards had such supplies 
and none of the cities we visited had shops or stores 
for the sale of this material. When we got to Port 
Said a friend took me to his storehouse and loaned me 
a miscellaneous assortment of wire and switches. 

The engines were very bad, and we were unable to 
obtain proper regulation. On an old English tramp 
built on the Clyde which came into port, we found some 
good governors built by a concern called Clark & Chap¬ 
man. After the purchase and installation of these 
governors, we had no further trouble with the engines 
and, as far as we Imow, they are still in operation. 

The operation of the electrical winches was alleged 
to be as simple as the operation of steam winches 
and, while this was true later on, it was by no means 
so at first. The North German Lloyd had contracts 
with stevedore gangs in different ports, and as they 
had been accustomed to the operation of steam winches 
we had a great deal of difficulty in teaching these steve¬ 
dores to use the electrical winches. The Chinese 
operators were the best. All we needed to do was to 
tell “No. 1” what his men were to do, and they did it 
without variation hour after hour. 

In 1896 the steamship Bremen was laid down in the 
yards of Blohm and Voss. She was equipped exclu¬ 
sively with electrical cranes which were very successful. 
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The Prince Heinrich is now the steamship Porto 
belonging to the Portuguese government and sailing 
from Lisbon. Information received within a month 
through confidential sources is to the effect that the 
electrical cargo winches on this ship are still operating. 
We had no electrical failures. Our troubles were 
entirely mechanical, due to improper, selection of mate¬ 
rial and a lack of knowledge of the sea, and of the ser¬ 
vice which the winches were to perform, but the out¬ 
standing fact still remains that this electrical equip¬ 
ment put into service in January of 1895, is still in 
commercial service in November of 1921. 

G. H. Jett; It is very gratifying to me that an 
engineer of one of the leading electrical inanufactuiei s 
should so strongly advocate the simplifying of wiring 
and control for electrical equipment on board ship, 
as Mr. Dickinson has done in his article, it wouia 
appear that, until recently, manufacturers have not 
fully appreciated the conditions on board ship as 
differing greatly from those in shore pknts. There are 
many examples of ship installations where recoinmen- 
Sonfteve been mSde by 
following closely the Practise general y m use 
stations on shore resulting m the use of unsuitaoie 
motors and equipment and in some cases a far too 
elaborate and complicated system of 
apparatus. In general I concur in Mr. Dickinsons 

°^in^our merchant ship installations, ^ my opnu^^^ 

the following are the most essential points to be borne 
“ First,■■ that the proper t^e f <i ^SfJthl Ser- 

Sfif p‘artieaS“ adapted for cargo winches, 
motols ir edlh'K™]. 
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and that the amount be limited to the minimum con¬ 
sistent with proper grouping of circuits. _ 

In this connection I want to say it is not my 
eliminate any particular thing being proposed by the 
electrical people, but I do think it is necessary to limit 
to the very maximum the amount of equipment, ana 
to simplify it as far as it is possible to do so. In Mr. 
Eixiniet’s talk he called attention to the fact that 
and I agree with him—the problem of training per¬ 
sonnel for electrically driven ships is not what it is 
understood to be by many. In public service corpo¬ 
rations, electric light and power plants, they do not 
have the engineers of these power plants rnake repairs 
to electrical equipment. They have specialized men 
for armature winding and winding of_ shunt coils who 
look after all the details of the equipment, and the 
steamship operator does not like the idea of facing the 
possibility of highly trained specialized men on ship¬ 
board, and for that reason I think it is most important, 
in view of the personnel going to sea at the present 
time, to eliminate to the very last degree the installa¬ 
tion of unnecessary equipment. Every foot of wire 
and every shunt coil makes another possibility of trouble. 

The motors as now supplied for ships are rugged 
and will stand a lot of abuse, but they do need a certain 
amount of protection. _ 

The subject of rope speeds in handling cargo with 
deck winches is a very important one, on which there 
is a great divergence of opinion, there being but little 
reliable data and records available. Many of the 
steamship companies contemplating new construction 
are frequently demanding rope speeds which I am 
satisfied are far in excess of the speeds at which it 
would be practicable to handle cargo. In most cases 
their demands are based on incorrect information as to 
- speeds at which cargo is handled by steam winches. 
I have made an extensive, study of this subject, and 
it is my opinion that only in exceptional cases is a rope 
speed of 250 feet a minute reached in handling sling 
loads of cargo even as 1 ght as 1000 pounds but the items 
of greatest importance are the acceleration and the 
speed of raising and lowering light hooks. In the 
design of electric cargo winches, in deciding on the size 
of the motor, you must take into consideration the 
speed at which the various weights of cargo are to be 

I do not agree with Mr. Dickinson’s recommendations 
as to the size of motors required for deck winches on 
8000 to 10,000-ton cargo ships. In my opinion 25- 
horse power motors are ample for any cargo winch 
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no cargo winches or other deck auxiliaries operating. 
Average fuel consumption per day, tons 4. 

One cargo winch in operation for 5 hours continu¬ 
ously handling 1000-pound sling loads of cargo from 
hold of ship to dock. Average steam consumption per 
hour, lbs., 1200. 

Calculating boiler evaporation at 13 pounds per 
pound of fuel, to supply steam for this winch operated 
under above conditions would require a minimum fuel 
consumption per hour of 92.3 lbs. 

To determine the amount of steam consumed in 
the above operation, exhaust steam from this winch 
alone was condensed into a specially constructed 
measuring tank. 

In comparison with the above, the following report 
on the performance of the motorship Kennecott is 
quoted. The Kennecott . is a 6000-ton deadweight 
vessel equipped with Diesel engine main propulsion, 
all engine-room and deck auxiliaries being electrically 
driven from auxiliary Diesel engine-driven generating 
sets. Deck equipment includes eight 25-horse power 
dynamic lowering type electric cargo winches: 

Vessel was at Seattle pier for a period of 10 days, 
during which time 3,000,000 feet of lumber were loaded. 
During this period the engineer’s log shows that but 
31 barrels of fuel oil were used for all purposes, including 
auxiliary Diesel engine generating set consumption 
for operating engine room auxiliaries and cargo winches. 
Average daily fuel consumption, 3.1 barrels. 

Later reports of the Kennecott shovy that— _ 

Under average operating conditions engine room 
and auxiliary equipment in operation 24 hours per day, 
deck winches in operation from 8 to 9 hours per day. 
Average daily fuel consumption 434 barrels. 

The above data are evidence of the economy to be 
effected in the use of electrically operated deck auxil¬ 
iaries, but of course cannot be used as a comparison 
of fuel consumption for engine-room or other auxiliaries. 

In giving these figures I made no attempt to make a 
detailed comparison or make any deductions. The 
figures I have given are unquestionable evidence of 
the possibility of economy, and, taking_ these figures, 
you can work it out on any basis you wish, and it will 
result in showing very decidedly in favor of electric 
auxiliaries. 

William W. Smith: On page 1417 the author states 
that the cost of electrical deck machinery is little 
if any higher than steam machinery; I have found the 
reverse to be true to a very marked degree. For 
example, the cost of the steam deck machinery for a 
10,000-ton cargo vessel was $33,000, whereas for elec- 
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trical machinery, to perform exactly the same work, 
the cost was $80,000. It may also be pointed out 
that the cost of a 5-ton steam winch was about $1500, 
whereas for an electric winch of the same capacity 
the cost was about $4300. In -view of these figures 
it is difficult for me to understand the author’s assertion. 

Referring to the comparison given on pages 1428 to 
1431,1 would suggest that the author add a brief descrip¬ 
tion of these installations to give a better understanding 


of the comparisons. , 

On page 1428the author states that the excess aui^iary 
exhaust steam is by-passed to the condenser. Th^, 
all of the available energy in this steam is wasted, 
which is not done in properly designed installations. 
Annroximately 4550 pounds of auxiliary steam are 
cSSS S the feed heater.. This leaves 7950 pounds 
which could develop power in a low-pressure turbine 
under efficient conditions. , Since there are no date 
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sea/’ the author has allowed the same quantity of 
auxiliary steam for both 75 and 200-degree superheat. 
This cannot be considered accurate, since the power 
and steam consumption of the auxiliaries should be 
approximately proportional to the turbine steam con¬ 
sumption in two equally well-designed installations. 
It is not clear, but it is assumed that the main turbines 
for both steam and electrical auxiliaries operate under 
the same steam conditions. Otherwise the compari¬ 
son would be of little value. 

As pointed out above, 14 per cent iii equivalent 
turbine power is wasted, and consequently this com¬ 
parison cannot be considered as reliable. The same 
applies to the saving per year. Under this heading, 
also, no account is taken of depreciation, repairs, etc., 
which amount to about 12 to 14 per cent of the first 
cost, which is considerably higher for the electrical 
auxiliaries. 

My conclusions after investigating the subject of 
electrical auxiliaries for cargo vessels were as follows: 

1. Two large turbo generators were required. 

2. We could not get electrical auxiliaries into the 
same engine room as used for steam auxiliaries, and 
additional space had to be allowed. 

3. The electrical auxiliaries were heavier and more 
expensive than the steam auxiliaries. 

4. The saving in steam and fuel consumption was 
not sufficient to justify the use of electrical auxiliaries. 

I regret that I cannot give more specific data (includ¬ 
ing weight, cost, fuel consumption, etc.), since this 
would be desirable. 

It is implied that electric inches will handle 
cargo faster than steam winches. I do not 
think this can be considered as an accepted fact. For 
machinery of the same capacity, I do not believe there 
will be enough difference to be of importance in the usual 
class of cargo handling. In special cases there may be 
advantages of importance, which, of course should 
be given due consideration. 

Failure of steam to flow through pipes I do not be¬ 
lieve can be considered as.a very serious defect of steam 
machinery and any failure of boiler pressme would 
affect both types in the same way. 

Referring to the cost of insurance, the fact is that 
this is somewhat greater because the first cost is greater. 

Referring to the other savings mentioned there 
appears to be no sound basis for these assumptions 
which I should say were very doubtful. This also 
applies to the total saving of $55,190 on page 1433, 
which is also rendered inaccurate by the engine-room 
comparison as mentioned above. . 
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California. This ^^^^^gr^^nxmary? as steam auxiliaries 

SS''SS'ESjSi£^f^te ^^pret^ 

SSilfarils* Aot Splieate the misteke made on that 

vessel. , , j „c. nnt annear consistent with the 

Paragraph 4 does n • PP jgg^YoHng to establish 
remainder of P^ Xhe use of electrical auxiliaries, 

“eeSTlnxililiee in place of steam, as the 
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fuel for the Diesel engine would cost only one-third 
of that of the steam turbine. The adoption of elec¬ 
trical auxiliaries will involve trained men, the handicap 
mentioned in connection with the Diesel, and^ it is 
my opinion that at no remote date licensed engineers 
will be required to be familiar with steam, oil and 
electrical machinery and there are, no doubt, many 
instances today of cargo ships which would not only 
warrant the expense of additional machinery and per¬ 
sonnel but would show a substantial saving, and on 
the basis of the author's conclusions three times as 
much. 

Referring to paragraphs 5, 6, and 7, relative to the 
cost of carrying cargo, the answer is not alone in 
electrical auxiliaries, as that cannot be a deciding 
feature, but in the motorship, which includes electrical 
auxiliaries. 

Relative to deck machinery, we agree absolutely 
with the author in that none but the most careful 
design and the best of materials and workmanship 
should be used, as the apparatus is exposed to all sorts 
of weather • and operated by the least intelligent. 
The deck winches largely used in this country, those 
with series motor and small shunt winding with spur 
reduction gear and manual control are simple and 
efficient and have been developed to a high degree of 
satisfactory operation. Safety appliances other than 
overload and no-voltage are unnecessary. Improve¬ 
ments can be made by the addition of* automatic 
control, ^ just as it has been for land practise thus 
eliminating the personnel, element in operation. This, 
however, cannot be done with success until^ the ship 
operators are willing to pay for competent maintenance 
men to keep the apparatus in repair, and the expense 
for competent men should be considered in any scheme 
of electrical auxiliaries. It may be of interest to many 
to know that on the recently built motorship William 
Penn the 5000-pound hook speed was 170 feet per 
minute hoist, 470 feet lower; 2000-pound hoist 245 feet 
lower 380 feet; no load hook speed, hoist 457 feet, 
lower 337 feet, which corresponds to the author's 
recommendations and which speeds are in excess of 
general practise for electric winches; and that with 
these speeds and with the general cargo handled it 
was impossible to make up and discharge loads suffi¬ 
ciently fast to keep the winches in operation, thus 
removing a common complaint that electric wdnches are 
slow. A vertical handle of a new type for ship-board- 
work was used, which required less movement of the 
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body and consequently less tiring effect than any other 
type previously used. 

' The author’s specifications for deck machinery 
motors cannot be too strongly endorsed. 

Relative to the steering gear, it is questionable 
if a more satisfactory type employing the electric 
motor, than the hydroelectric gear has been developed. 
This type is ideal for control and makes a minimum 
dpmand on the generating plant with an efficiency equal 
toXt of any other tj^e, and should be consider^ 
^rWy fo^new ships The electric motor for the 
steerffig gear offers the greatest samng. of any singe 
auxiliary on the ship and, no doubt, in 
ihe steam steering gear could he replaced by a h^ro- 

dec&c y^r 

fncreasing the size of the generating sets. _ 

system of coi^trol; wMe Ae 

of for 

Si£»eTfs^''S‘pS^^° aaJ use will con- 

sume less poy/er. w,r.tnrs for cargo 

Relative to ^ to rSisftoe 

winches and steeri^ ^ deltrYcal auxiliaries these 
maximum economies tor elecOT 

should be '"f'tnrine-room auxiliaries and 

Referring to the list ® statement, 

the horse power „.g,,v,at fewer auxiliaries and 

“A motorship to drive them,” I 

slightly less power is ^ should be made: 

believe the folloimng 5 motors; steamship 

Steamship 15 . minors, mo to ^ consump- 


?o!;, steamship. barrels 

Relative to the fISS apSta® “ 

the greatest eOTy »* essenSl that aoparafjto 
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commutators. rp^e governing feature should 

issue with the ^ ^ 3 ^ cost should he 

be reliability; 'it is not so important 

secondary considerations, j- _ „ develop so many 

IS a Stain frame size ^^Sme sort of venti- 
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for long P®’^'°^„Se°a very essential feature for con- 
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tinuous operation. Realizing certain limitations for 
enclosed motors, we believe, motors for below decks and 
engine rooms should be enclosed except where the 
size prohibits, and then they should be open-with pro¬ 
tection against drip and condensation from pipes and 
other apparatus, and this practise has been followed 
on foreign-built ships with success. 

Relative to the location of starters, I desire to em¬ 
phasize the author’s opinion that they should be as 
close to the motors as possible. 

Relative to the most suitable electric power for 
cargo ships, this has been answered by a failure of 
almost every installation of alternating current. For 
tankers, the same troubles would be experienced with 
the delicate a-c. regulators as on cargo ships, and with 
most of the ships burning oil today the dangers in the 
engine room of a tanker would not be increased, and 
with alternating current there will be the operation 
of the switchboard switches and the exciter must have 
a commutator. 

With regard to the wiring and installation, it may be 
of interest to the author and those present to know 
that the A. I. E. E. has recently issued a set of marine 
rules which amply cover all phases of the question and 
for power wiring are the only ones in existence. I do 
not believe the author’s insinuation relative to the wire- 
man’s discretion should pass by unnoticed. From 
personal observation covering a period of 28 years, 
I have seen more failures of generating sets than bus 
wires, more failures of motors, controllers and starting 
panels than feeder wires, and I do not believe the author’s 
contentions can be proven except in isolated cases and 
those during the war period. 

Relative to operation, this is most difficult to discuss 
as the author has assumed certain fundmentals which 
cannot be reconciled and can be in keeping only with 
ships which are laid up due to their excessive cost of 
operation. I refer particularly to the figures of 12,500 
pounds of steam for auxiliaries at sea, which is 30 per 
cent of the boiler capacity and 43 per cent of the main 
engines. These figures, to say the least, are ridicu¬ 
lous, and any deductions based on them are not only 
misleading, if used for comparison, but an injustice to 
the cause of electrical auxiliaries where they can be 
economically applied. Let me give you the figures 
from actual tests: 

H. P. Aux. Fuel 

2,500 30% 1.23 calculated steam auxiliaries. 

2,500 12%, 1.01 calculated at 75 deg. superheat 

electrical auxiliaries. 
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H. P. Aux. 
27,500 12.3% 
20,000 13% 
18,200 12.3% 
2,880 11% 
3,300 4% 


actual tests steam auxiliaries 


Superheat 

Superheat 

Superheat 

Superheat 


Fuel 

0.87 No. 

1.085 No. 

0.947 No. 

1.02 Qudruple Ex No. 

3 300 4%° in the steamship 

Electrical driven by engines or turbines, 

^,hen the gei^^r^ors are dmen Py ^ gear, 

ind that is outside -piectrical auxiliaries can 

jnndlass and engine room when the 

only show a saving m tn arrangeinent 

tors are ^^mi s^LTfrom the main tmbm^^ 

would require extracting steam extremely bad 

for all heating of feed for shipboard use 

practise and is not of electric motors 

mclude§ EjfVfSo™ bIttow in ^ 

which were though they were all equipped 

completed. . ,, „ ^ np. Tise of electric auxiliaries 

There is a large tietd there are still a good 

on board our the electric motor might 

manv places on ships where tne e pointed out 

ment for ship works, tha w ^.^ motors for driving 

• regards the economy of using eteci;^^ advantage of 

our ships? there is 0 very other system,? 

the ut of electric auxiharws over every ^ ^ 

and theyshouldkeimm^ka^y^ purposes except 

the actual Wing of remarks regarding 

closed below deck? e . cases? but ^ 

«. o'l G dnpp.n. wat.. 
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especially in the case of the turning motor, used for 
turning the main engines in port, where it has to be 
fitted low down in the engine room and likely to be 
covered with falling dirt and water and oil. 

I think the best power for use on board ship is un¬ 
questionably direct curent as pointed out by the 
author, but as the tendency lately is to use submersible 
pumps on board ship, and as the same can only be 
worked by alternating current, it will be necessary in all 
up-to-date plants to have a rotary converter to supply 
current; that is a point which has been omitted by the 
author. As is well known the squirrel type of a-c. 
motor will work under water. 

In the description of wiring systems, nothing has 
been said about the possibility of using ring mains; 
that is the only way to reduce the number of circuits 
as suggested by the author in another part of the paper; 
the number of circuits on a distributing system cannot 
be reduced with safety; a large number of circuits must 
be run to supply the different parts of the ship, either 
for the lighting or power. 

I also notice the author does not recommend the 
use of conduits for carrying the wires and cables. In 
this country the tendency at the present time is to use 
screwed conduits galvanized^ wherever possible in the 
electric lighting of our ships; in fact the latest Cunarder 
being built on the Mersey, I understand, is mostly 
wired in galvanized steel tubes solid screwed. 

In most of the ships I have worked on recently 
the systems have been divided up. For instance, on 
one ship armored and lead-covered cables are used in 
the engine room and boiler room, casing on the passages, 
galvanized screwed conduits in the holds and portable 
fittings in emigrant quarters. The last ship I worked 
on was a refrigerator ship of about 7000 tons for carry¬ 
ing bananas. She had three generators, about 80 kw. 
each; most of the electric power was used for driving 
huge fans for cooling the holds where the bananas 
were stored; all the passengers’ quarters, of which a 
few first class were carried, and officers’ rooms were 
heated by electricity. The steering gear was steam. 
The hoist motors in the boiler rooms were worked 
with a lever up and down to start and stop. 

In conclusion, referring to the question of salaries, 
there is another point I would like to raise, and that 
is the question of the status of an electrician on board 
ship. On one of the Norwegian-American liners, 
the Stavangerfiord, which I worked on, they had a very 
good arrangement. Instead of the electrical depart¬ 
ment being subject to the lowest graded engineer, 
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as in this country, it was run as an entirely separate 
department. The chief electrician ranked with the 
chief machinist. There was a command^ f gi^eer 
over all The chief electrician messed with the chiet 
machinist, and the chief commander had his qi^arters 
with them. The iunior electricians messed with the 
junior engineers. I think the above is a very importa^ 
because, as the electoc usacbrnw ^ 
on board ship gets more complicated, a highei tjTpe 
of mS will hLe to be employed, and untes f fficiert 

remuneration is given and on^ships 

will be difficult to get a good man to go to sea on ships 

^"It i?oieffing meeting of the Liverpool Engineer- 

«H to *f' cS 20o'“» 

tL oenemtors 0 / «hiA mf «fi«e.» ■mtOm, m 200 li». 

eocii,*or»i'o«<ir»e»!is/Dicsei ei««gj^ 

w. McClelland: In tmbines with 

always pinned our faith to tn g author of 

the single-reduction dnve . IJhmk^ exceedingly 

the propulsion any of the extravagant 

fjlirlv. ll8iS Xiot ^0116 T S66I1 pnt)" 

SSs for elecrtc prcpukion whl* I hay® 

lished in on the comparison of the 

is one statement m the Wr on to ^ 

economies claimed ^ Mississippi. In that 

Mexico . over the itofto a ^ believe, states facte— 

tSrSto and MiSsiwi direot-tuvbine drives 

with an auxiliOT behind present 

That installation is in any modern ship, 

practise and would not b ^ ^po^rison which shows 

and therefore I feel that ^ compa 

such marked economy _ without reference m the 

which should a nractical trial of the latest 

dfeusaion. work would show 

practise m steam-timbme ^ between the elec- 

’ +Vicii- toere was very little am At various 

th^curve^I tW^ yo^ 
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as to whether maximum speed is required or economy 
at cruising speed. That the electric drive is eco¬ 
nomical oyer most of the range of speed of a capital 
ship, that it is reliable and generally free from break¬ 
down is admitted. 

The discussion has turned in large measure on the 
Diesel electric driye. Whilst I am not a Diesel expert, 
there is one question I would like to put to the gentle¬ 
men who advocate Diesel drives, either geared or 
electric in the present stage of development, and that 
is this—if you have a single-screw ship, is there any 
owner who would rely on, say a single 3000 to a 5000 
h. p. Diesel engine, and send that ship to sea on a 
scheduled service? I do not know whether there is 
in this country or not. I am rather doubtful as to 
whether there is in our country. In this respect the 
reliability of the Diesel appears to be regarded as much 
less than either the turbine or the reciprocating engine. 

Several remarks were made about the different 
classes of main motor machinery. It was my good 
fortune to come to America in the fruit ship referred 
to by the last speaker. In that ship the drive is by 
rneans of a synchronous motor, and one speaker par- 
ticuarly referred to the question of the racing of electric 
motors when the propeller of the ship was out of the 
water. We had yery heavy seas—at one stage of the 
crossing we ran into a hurricane and the propeller 
was out of the water over and over again, and there 
was no racing whatever—the motor stood up perfectly 
to its work and I believe that with a properly designed 
synchronous motor, you will get in addition to high 
efficiency equally good results as with any other 
type of motor. 

Passing on to the auxiliaries paper, I am in general 
agreement with the author. In the British Navy we 
we have for many years run most of our auxiliary ma¬ 
chinery electrically. We have winches capstans, 
pumps, refrigerating machinery, fans, air compressors, 
almost every conceivable kind of machinery, run¬ 
ning by electricity and^ we have had very little 
difficulty with that machinery; I speak with some au¬ 
thority, because during my eighteen years of service 
with the Admiralty, fifteen years of that period was 
spent as head of the electrical repair department, 
and I have had to deal with all classes of electrical 
machinery, not only machinery connected with the 
British Navy, but during the war, of the American 
Navy. 

There is one point ^ to which I would particularly 
like to refer, and that is the question of insulation. We 
hear a lot about water washing electrical machinery 




discussion 


1509 


‘2: 


11 


ti -j-v. „ rlpf’kq I do not really think that in this country 
importance o1 proper insulation 

b"5 ttetSSuS are compose 
rSls 111m Sikdim solS?o? fatal S moist atmos- 

;ma"ar salt water and -a 

yorrSla"fhofo°uS.'iy 

SS^iarSd-Sh^oTthWeetricai ma- 

IS ’’vis fS 

the winches on aecK -Uo then went on 

and. that they / fi,g defects' were mechanical, 

to say that the whole of the deters w 

not electrical. I could not 

it was that the sea «",^l“StriSl ?ear An- 
l>arts, which maximum speed of lift 

other speaker referred ^ had 

which winches shonici . y u.t:T^Tr tViat is n 

standardized 250 feet per ago tried a 

^"""/r? 00 ieetishowed i^t 

load speed for wnches to 200/®^^^ also in the 
I believe in ?&e“^re system. 

two-wire system rather than the three^^^^^^ 

Earths or grounds are f0 PJ®|^'^hcitv of the two-wire 
trical system that I adtan- 

system more to “Sr hi.® 22tott 

tages which the tnr satisfactory on board ship, 
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regarding the fuel consumption performance of steam 
electric-geared vessel. 

There must be a great deal of data available, and 
there is too much doubt about the_ fuel consumption 
performance of such ships; this applies to naval vessels 
and also to ships of the merchant marine. 

For instance, there are eleven freighters which are 
having the original mechanical geared turbines replaced 
by electric gearing. The first of these, the Eclipse, 
has completed a voyage of 26,000 miles and, as far as 
one can learn the machinery worked splendidly through¬ 
out the voyage but nothing reliable has been published 
regarding the fuel consumption. Competent authori¬ 
ties who have had an opportunity of studying the 
“engine-room log” state that the oil fuel consumed by 



Fig. 13 — A —^Battleship New Mexico 
B —^Battleship Idaho 


the main engines and auxiliary machinery averaged 
about 1.30 pounds per S. H. P. per hour. ^ Further, 
it should not he overlooked that the boilers were 
equipped with superheaters giving 200 deg. fahr., and 
in view of this, the reported performance of the ma¬ 
chinery is poor. 

A double-reduction geared steam-turbine vessel 
operating under the same conditions has a fuel con¬ 
sumption of 0.90 pound of oil per S. H. P. per hour for 
all purposes. 

It seems to me that the builders of the electrical 
machinery in these freighters did not quite do justice 
to the system they were advocating, for it was necessary 
to increase the revolutions of the propeller from 90 to 
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100 per minute wHcli is hardly suitable for a freighter 
of 16,000 tons displacement and sea speed of 10.5 
knots. Shaft revolutions of 75 to 80 would have en¬ 
sured a much better performance but to accomplish 
this mechanical gearing of the single-reduction type 
would require to be arranged between the propelling 
motor and line shafting. This arrangement was 
adopted by Llungstrom in the vessels Mjolner and 
Wulsty Castle, where two motors are in parallel, each 
driving a pinion in mesh with one gear wheel. 

Dealing with warships, in view of the great interest 
■ taken in the machinery installations of the battleships 
New Mexico and Idaho, Nos. 40 and 42 respectively, 
Fig. 13 shows a plan view of the propelling machinery, 
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Battleships Nos. 43 and 44, Tennessee and Calif orniaf 
were designed during 1915, having a four-shaft arrange¬ 
ment of “electric gearing’' for the propelling equipment, 
in which the machinery arrangement is absolutely 
novel as compared with all previous battleships. 

We submitted alternative propositions to the Navy 
Department, but it is almost impossible to install or 
arrange mechanical geared steam-turbine machinery 
in spaces specially designed to suit electric gearing. 

Fig, 15 shows a plan view of the Tennessee and Caw- 
fornia arrangement of machinery and a proposal^ hav¬ 
ing twin screws, driven by two sets of Parsons single- 
reduction geared steam turbines. The revolutions of 
the electric-geared ships are 170 per minute, wmereas 
in the twin-screw turbine proposal they are 125 per 
minute. 



Fig. 15—U. S. B.vttleships Tennesee and California. Peoposed 
Arrangement of Machinery 

On referring to the plan view of the electric geared 
machinery, it will be seen that there are two central 
compartments, each of which contains a cornplete 
turbo-generator and the various auxiliary machinery. 
There are eight boilers divided into two groups, four 
being arranged in separate compartments on each side 
of the turbo-generator spaces, the total width of the 
machinery spaces being approximately 61 feet. The 
uptakes from the four boilers are led to two funnels, 
arranged on the center line of vessel and directly above 
the turbo-generator compartments. 

Multiple shaft arrangements of machinery came into 
use solely to suit direct-driven steam turbines, and it 
is rather curious that the electrical firms merely copied 
a type that was never considered suitable for battle- 
ships of 28,000 S. H. P. to 82,000 S. H. P. by many 
naval constructors and naval engineers in Washington. 

Referring again to Mr. Thau’s paper, electric gearing 
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has its limitations just as well as all other forms of 
propelling machinery; among these may be mentione<l: 

Backing qualities. Experience has shown that it is 
not necessary to have more than 60 per cent astern 
power, and it is overlooked by many that it is “stopping 
qualities” which are required. In other words, two 
large-diameter slow-turning propellers will bring a,ny 
large vessel to rest quicker than four fast-turning 
propellers which at all high speeds of revolution do not 
take a grip on the water but tend to cavitate in a 


vortex. . , . 

The electric-geared battleship does not maneuver 
or go-astern with full “ahead” shaft horse power, i 
believe it is now an official order in the Navy that all 
maneuvering has to be carried out with 
generator transmitting current to the four pi openers 

^'^This^ limits the maneuvering capabilities to a large 
extent for all propellers must revolve at the same speed, 
if in operation. For instance, Se 

cannot run at maximum speed ahead ,wnust t _ 
propellers revolve slow astein. A com 
Sete explanation for this »mn when man^^^^^^^ 
will be found in a paper published in the o; 

the American Society of Naval Engineers, Augi^ , ^ > 

in the article “Propuljon V™; gjt 

New Mexico,” under the sub-title The btea 

Device” on pages „„„ all in favor of 

Weights, space and _ economy are au f,,Y.tiier 

mechanical geared 'turbine machmery^^^ connection 

data are ayailable reg^di „ „gggeis it is useless to 
with electric gearing in war vessels, n 
attempt to discuss these features. _ 

The battleship North replaced by 

the original direct-dnven w ^ turbines, 

twin sets of smgle-re^ctmn 

and the new machinery sueeds. ^ For further 

cent in luel 

information on thm • (--i,ief u. S. N., for 1919- 

tho report of the Engine . _ this new mcichinery 
* I should uko Itoto SStTthe weight, 

effected a saving of at ”” P ^^ith very fevv 

5ttgraid\rtaryeg wel^vet 

S cS hSrS cairied out with any of the 

present forms ®comtWing the performance 

^ Referring to the the ^so-called sister ships, I 

of the New ^^^“'^‘'^^“taverLlized that these figures 

Eshtl Betg at a meenu. 
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of A. I. E. E. during May of this year. Mr. Berg gave 
the source of his information; this data was submitted 
to the editor of Marine Engineering and published in 
an editorial in the issue of May 1920, entitled “Two 
Years of Electric Propulsion on New Mexico. 

I shall not comment further on this point but suggest 
that anyone who is interested in the question obtain 
the August 1920, issue of that journal and see the other 
view, in the article “U. S. Battleships of the Year 1914 
and Later Classes.” 

I was much interested in listening to Mr. Newman’s 
remarks regarding the performance of the new coast 
guard cutters, but unfortunately very little was-said 
regarding the actual fuel performance of the electric 
geared machinery. 

The Army and Navy Register, in its issue of Sep¬ 
tember 10, gave particulars of the trials of the U. S. S. 
Tampa. It was a short article and one paragraph 
read as follows: 

U. S. S. Tampa 
Standaedization Runs 

Knots.8 10.50 11.80 14.20 16.20 

Revolutions.. 60 80 90 110 128, 

“The total fuel consumed on the four-hour run was 
2008 gallons. The consumption was high on account 
of unsatisfactory pump operation.” That is all. As 
Captain Newman stated, the contract conditions of 
the vessel were as follows: Knots 16.00; S. H. P., 
2600; revolutions, 130. There are superheaters also 
installed on these vessels, and if you use the design 
figures as a basis, you will find that the fuel consump¬ 
tion average about 1.35 pounds of oil per S. H. P. 
per hour for all purposes. 

_E. A. Stevens, Jr.: (Communicated): Before 
discussing this paper in detail, I think it would be well 
to consider the question of transmission in general, 
whether it be electric, mechanical gear or hydraulic. 
The only advantage of any of these is the ability to 
run the main machinery at a different speed than that 
of the propeller, thereby obtaining greater economy 
than what would be possible if the two were operating 
at the same speed. With this in view, the Diesel 
electric (except in a few special cases) would be elimi¬ 
nated. As the Diesel engine is. more reliable as well as 
more economical at the lower speeds, it is far better 
to connect direct to the propeller than‘to use any of the 
transmissions mentioned above. It has been argued 
that when the cylinders reach a certain size trouble 
occurs. This can be eliminated by increasing the 
number of cylinders up to eight to one shaft, or by the 
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has been able to transmit 39,000 S. H. P. per shaft 
succGssf U-Ily 

S. M. Robinson: (Communicated): Turbo-electric 
propulsion is being used to such an extent at the present 
time and is so well known to the marine engineering 
world that it hardly seems necessary to dwell much on 
this subject, but Diesel-electric propulsion is a compara¬ 
tively new art and still has its way to make in the marine 
field. It seems to me to be an ideal system of pro¬ 
pulsion for cargo vessels. By its use it should be pos¬ 
sible to greatly increase the reliability of Diesel engines, 
since it will not be necessary to start them up under 
load nor reverse them. The importance^ of these two 
points is very great and cannot be emphasized too much 
in any comparison of direct-connected Diesel engines 
and Diesel-electric propulsion; submarine experience 
has shown that many of the troubles with Diesel engines 
are directly traceable-to these causes and, while air 
starting is still fitted on these engines, it is only used 
in case of emergency when the motors are out of 
commission. 

With Diesel-electric propulsion it will be possible 
to use multiple units, thus keeping down piston di¬ 
ameters; this will add greatly to the reliability and will 
also operate to reduce the maintenance cost. It also 
makes it possible to carry out engine repairs on one 
engine at sea without suffering any very great reduction 
in the speed of the ship. 

Diesel-electric propulsion is frequently criticized as 
being about 12 per cent less efficient than the direct- 
Diesel drive. No general statement can be made which 
will cover all types of ships, but for cargo vessels of the 
usual low horse power it can be said that there will be 
little difference in the overall economy of the two sys¬ 
tems, and what difference there is will generally be in 
favor of the Diesel-electric. This arises trom the fact 
that it is necessary to use twin screws running at com¬ 
paratively high propeller speeds for the direct Diesel, 
while a single screw of lower speed can be used with the 
Diesel-electric; with the latter^ arrangement the losses 
in the struts are done away with and a more efficient 
screw is provided due to the lower speed at which it 
runs. 

I believe that the voltage proposed by Mr. Thau is 
somewhat higher than should be used on board ship, 
and this will not be necessary if the number of units is 
reduced; a three-generator and two-motor installation 
would seem to give all the flexibility desired and at the 
same time obviate the necessity for the use of such a 
high d-c. voltage. This will give three combinations 
of generators and motors, the first being all units in 
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use, the second being two generators and two motors, 
and the third being one generator and one motor. At 
the maximnm capacity of each of these conditions the 
motor and generator efficiency will be practicalli.' the 

"Tn S the hetihility of the series system 

of Diesel-electric propulsion, Mr. ^bau points out the 
simnlicitv of the speed control which is obtained b\ 
?Sing the generator field strength; this method can 
be Combined with that of variation of motor field 
strength so as to give the most efficient operating con¬ 
dition for any of the various combinations of motors 

and generators. j^^^nicated): The two papers 

Ss Mrs? hSh'rs 

this subject of electric ^^ight have been more 

Fpiific tea nvunber of the detailed points 

t« tf^^ ifStirf 

gears now m use hvdroeleetric gears for this 

dividing ‘5'IZS pSence. In our 

purpose wouid of motor dme to the 

blyoSd&rceleotrio has 

advantages. _ r-ontactor equipments especially 

Reference IS made to c vdsdom of this 

for deck winches apparent^ the^.^^^^, 

form of control m of Vse auxihanes, the 

severe service met in _ especially suited, ant 

contactor control, we feel, is esp ^ gti.a,ted the 
foreign practise has aheady cW oon- 

feasibility of u^ a suitable boasmgs^ 

lif m.rbriu^^Jt„nSrand ororlcad 
SSS'or'SSt breakers for deck wrnehes. 
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On page 1425 are discussed the relative merits of direct 
and alternating current for auxiliary purposes and it is 
stated that while on the cargo ships direct current can 
be used to the greatest advantage, on tankers it is not 
so apparent. On this latter point we would take sP'me 
issue, as it is possible to furnish motors entirely enclosed, 
gas and watertight, or where location on tank vessels 
renders the same desirable to furnish forced ventila¬ 
tion through the enclosed motor casings. Several 
tank vessels in this country have already been equipped 
in this manner, and there are others under construction. 

With regard to the question of economy of engine 
auxiliaries on steam-driven vessels, Mr. Dickinson 
has furnished some interesting figures, although _ we 
feel that perhaps his assumption for the steam required 
for auxiliaries at sea is a little too high a percentage 
of the total. The advantages obtained from the use 
of electric drive for all auxiliaries on motorships is, 
we believe, now apparent, and similarly the advantages 
of the electric drive for deck auxiliaries on steam vessels 
as well as motorships. The question, however, of 
the use of electricity for auxiliaries in the engine room 
on steam vessels furnishes the most debatable grouiid. 
A certain amount of exhaust steam from engine auxili¬ 
aries is always diverted to feed water heating, but 
beyond the point where exhaust steam can be_ used 
economically for this purpose lies considerable possibility 
in economy for electric drive as well as the advantages 
of convenient operation and freedom from leaking 
steam pipes, etc. 

We heartily endorse the statement of the author 
in his last paragraph that engineers of this country 
should combine their efforts and avail themselves of 
every opportunity to improve the efficiency of our 
merchant ships to the end that they may be able to 
compete successfully with the modern ships of other 
countries. In this connection, we were much impressed 
on a trip this summer to the Pacific Coast, to find 
that numerous European and Scandinavian motorships, 
electrically equipped, were making regular trips through 
the Canal to the Pacific Coast ports. In addition to 
the conducting of a satisfactory cargo-carrying business, 
these vessels were buying California oil on the coast at 
$1.50 per barrel, sufficient for a round trip, this same 
oil selling in their own home ports at $8 to $9 per barrel. 

G. A. Pierce: In view of the fact that there has 
been considerable discussion relative to the Diesel- 
electric drive, 1 might say that we are all familiar 
with the specifications sent out for a tender on a ship 
for Diesel-electric. The Diesel-electric equipment for 
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shown a surprisingly low maintena^^ efficiency of 
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synchronous dnve, as ^TJ^Jhat there can be only a 

£d have always colluded tot 

very inappreciahle oifieren adoption of electric 

gesSon by Mr. installaton of 

luxiliaries throughoutjnll ® he conducive 

larger auxiliary for excitation is, of course, 

to lower steam ®o?^tu^ considering everything, the 
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with the induction drive using the power factor cor¬ 
rective apparatus. 

The larger air gap and better access of the synchro¬ 
nous motor were mentioned in the last paragraph 
of my description of the synchronous motor drive. 

_ By “high-speed Diesels” I do not have in mind high 
piston speeds. The matter of piston speed must be 
treated with conservatism in high rev. per min. engines, 
as well as in low rev. per min. engines. The recipro¬ 
cating parts being smaller, the cylinder walls and 
cylinder heads thinner (this being conducive to quicker 
heat transfer and lower temperature strains), and the 
absence of water cooling on the pistons should decrease 
rather than increase the maintenance of the engines. 
Repairs are easier to make because of the smaller parts 
to be handled. There are engines of 200-h. p. capacity 
at 250 rev. per min. that have been operating con- 
trauously, except for periodic valve grinding, since 1914, 
and during this time the maintenance was practically 
negligible. 


Regarding the application of alternating current for 
Diesel-electric drive, I am quite sure that the flexi- 
control advantages alone of the direct current 
would go a long way to favor the direct current, even 
though parallel operation of a multiplicity of a-c. 
units, were entirely feasible. It has been shown 
dennitely in the case of land installations that Diesel 
driven alternators do work satisfactorily in parallel 
but It must be remembered that these engines opefate 
at constant speed instead of at adjustable speed 
as w^ld be necessary in the case of ship drives. Where 
the Diesel en^ne units are sufficiently large so that 
one unit would supply one motor, as in the case of a 

current is feasible and 

interchangeability 

of electrical units in a ship installation was not brought 

desirable to go into 
ais matter in detail, ^ the principal part of the paper 

S offiv oS opportunities 

^e only offered on high-powered ships having two or 

more generators. Reference was, however, made to 
feature under the captions of “Reliability ” 
Economy,” and “Control” in the section cXrina 
war vessels. This advantage was also referred to in 
Diesel-electric drive. For large 
advantages are important, as is perfectly 
that balanced power^ can be 
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The advantage resulting from the^ change in 
in motor speeds for a given frequency is also mentioned 
in the paper under the caption of ^ ^Economy^ in the 
section covering war vessels. This itern was not dis¬ 
cussed in detail, as it has been given considerable ainng 
in recent technical publications. Mr. Emmet brings 
out the comparison that the advantage resulting from 
the change in pole ratios of the motors is more P^9' 
nounced on the MaTyland than on the Tennessee. 
is true for speeds between 13 and 15 knots, but for 
lower speeds the larger number of poles show better 
economy. This characteristic can only be explained 
by the combination of turbine and motor and generator 
'efficiency performance. I think the performance 
of the Tennessee is more or less 
condition would not be anticipated. The 
installed on the Tennessee are particularly economical 

at a very wide range of speed. , , ,, . 

Three of the discussions, at least, dwelt at consider 
able length on weights and submitted some data wMch 
are at variance with the au&or s analysis , ® | 

cost etc for the different principal tiipes ot 
nropulsion ’ Any data of this nature must of necessity 
he Considered upon its hypothesis, as there are severa 
wavs of comparing such items relating to propulsive 
Sincrv &e is, however, only one correct way, 

and that fs to include every single ^"^he^ropuSvI 
of its function is directly to Ae propm^^^^ 

equipment, such as engines proper, boilers, . 

> propulsive equipment auxiliaries, shafting, foundation , 

SmTarisS of uSTare machm«7 weights naeans 

"°S®analysis ot 

chinery in the paper is bas^ upo 

in which the propeller P because with Diesel- 
by the motor speed limitations, _ ■nroueller spe^ 
electric drive, using direct ^ LitC;he preference 
can very conveniently be absolutely no fixed 

»ot„t 

ntause of ae well-gfS sSg; 

case of such ships. , „ table of compara- 

tivrwel«S‘aKriSdeted was not 
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incorporated in the original paper. The author's 
statements in comparing the different factors of the 
various drives were of a general nature, and this system 
was used purposely to avoid contention on details. 
To substantiate the statements in the paper, particu- 
larly in connection with weight, the following table, 
which forms the basis of the author's analysis, is in¬ 
cluded in this reply for reference: 


TABLE VI.—TABLE OP DETAIL WEIGHTS FOR A 3000 S. H. P., 


Prime mover. 

Boilers and superheaters. 

Condensers and auxiliaries... 
Water in machinery... . 


Propeller shafting..... 

Propeller shaft bearings.___ 

Gratings, ladders, etc. 

Control and cable. 

Steam and water piping. 

Independent auxiliaries. 

Uptakes, air box, stack, etc.... 


Double¬ 

reduction 

geared 

turbine 

Turbine- 

electric 

Direct- 

Diesel 

(twin 

screw) 

Diesel- 

electric 

*100,000 

*206,000 

*1,200,000 

*1,050.000 

t360,500 

t360,500 

fl 1,200 

Jl 1,200 

50,000 

50,000 


200,000 

200,000 

45,000 

45,000 

250,000 

250,000 


115,000 

115,000 

135,000 

115,000 

15,000 

§30,000 

§45,000 

§30,000 

60,000 

60,000 

18,000 

50,000 

50,000 

100,000 

100,000 

32,000 

1 

32,000 

32,000 

32,000 

130,000 

20,000 

70,000 

70,000 

11,000 

14,000 

1,352,500 

1.491,500 

1,659,200 

1,368.200 

451 

497.5 

552.5 

452.5 

1 

1.103 

1.227 

1.003 


Lbs. per S.H.P. total machin- ' ' 

Ratio, gea red torbineVunrty'.:: T ^“.227 

reauced about 250,000 pounds. However, the installations usinir siioh 

thorLTIcotch 

*180 rev. per min. engines with exciters, 
tScotch boilers, 
tVertical boilers. 

§ Include thrust bearing. 

1 Included in prime mover. 

A brief discussion of this table will renlv to sevenl 
data on foundations which must be S a Srfof 
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The Diesel engines considered in the table for the 
Diesel-electric drive operate at 180 rev. per min. and 
complete with their accessories, generators, exciters, the 
motor and control, • weigh 350 pounds per sliaft horse 
power. Of this figure, the electrical equipment con¬ 
sumes 104 pounds, leaving 246 pounds for the engines. 
Certainly no one will question the conservatism of 
such an engine. This engine is available today in 
sizes suitable for electric drive. . 

Another absolutely reliable Diesel engine for electnc 
drive is available, weighing 180 pounds per brake horse 
power for the engine alone and operating at 250 rev. 
per min. The complete Diesel-electric drive using 
this engine instead of the one used in the table is 4UZ 
pounds per shaft horse power, and the ratio ot this 
weight to the weight of the geared turbine drive is 0.892. 

Developments will undoubtedly be undertaken by 
some present Diesel engine manufacturers to commer¬ 
cially produce a lighter Diesel en^ne whiA mil be 
suit4.1e for electric-drive units. The ultimate out¬ 
come of this development should produce a conser¬ 
vative engine weighing not more than 125 pounds per 
Ihaft horsTpower^nd operating at 300 rev per nmi^ 
Using these engines instead of those in the 
weight of the complete Diesel electric be 

328^pounds per shaft horse power, and the ratio of 
figure to that for the geared turbine is 0.727* 

Th^weight of 400 pounds per brake horse 
the direct-drive Diesel used in the table is lower than 
the average engine actually insta,lled and 
today, which, according to authontative datg is^483 
nmmds Per brake horse power. On the 48rf-pounQ 


‘’“AddfaJSie to the total weightsto tie table, 

"^slsoo^oo pounds for the geared turbine drive; 
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3,221,600 pounds for the turbine-electric; 2,533,200 
pounds for the direct-drive Diesel; 2,242,200 pounds for 
the Diesel-electric. 

The corresponding ratios as compared with the 
geared turbine would then be: 

Geared turbine = 1; Turbine electric = 1.07; Direct 
dnve Diesel = 0.845; Diesel-electric = 0.747. 

_ The above results agree with the general statements 
in the writer’s paper, but are at variance with the figures 
pven by Mr. Bailey and Mr. Smith, particularly the 
latter. I am quite sure that if these gentlemen would 
have used the same engine for their Diesel-electric 
drives, their figures would have been substantially 
m agreement with the table, provided all related items 
as listed were included; 


Ihe tables given by Mr. Bailey and Mr. Smith also 
show considerably higher cost figures for the Diesel- 
electric than seem justifiable in the light of my experi¬ 
ence. I feel quite certain that the price of Diesel- 
engines IS still_ higher than it should be. This is par¬ 
ticularly true in the ease of engines for Diesel-electric 
drive. I have no figures on the installation of the 
machinery, shafting, propellers, etc., but I am sure 
tnat the engines, generators, exciters, motors and con¬ 
trol can be bought today for $130 to $140 per shaft 
horse powe^ provided the proper Diesel-electric units 
quotations might run at variance 
with this statement, but until recently electrical man- 
have been forced to quite relatively low- 
speed Diesels. My remarks on cost referred to future 
developments, except in a few present cases. 

Kather than point out the detailed differences of 

™ prepared by Mr. Bailey 

and the table given above in this reply, the reader is 

table for himself. I have 
stated the basis on which my tables has been comniled 

fn mSTA"® has been coZpiled 

LnuTam^-n manner, the largest discrepLcy 

ele?tri? ThJ nvnK Diesel-direct and Diesel- 

Sd abJvP ^his have been 

seated above. Mr. Bailey’s analysis shows that in 

the case of the single-screw Diesel-electric the snace 

hirwia ^“®htly, andl ifsafTto'^s^y 

mlative fuel consumption, Mr Bailev 
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tion, I believe that the fuel consumption per ton-n^^^^ 
should be very nearly the same the Diesd andj^ 
IVipapl-plpctric for the reason that the t 
arrangement using the higher ^er 

additional struts will require more 
to drive a given tonnage through thcjf^^hine electric 
more, the fuel consumption ^ o-pnred turbine of 

is given as 0.96 as compared vnth the 
1.0. Mr. Bailey, ^ stated used 
geared-turbine drive in this analysis. I think the h^re 

of 0.95 in comparison represents 

rather than actual performance. The a^ve wr 

graph will also reply to simito 

I believe that with machinery m proper womng, 

condition, the fuel consumption P^F of 1 for 

or rather per ton-mile, should run “ electric 

dirtctSnnected Diesels (^^e latter being twn sc^|0^ 
Such discussions asMr. Bqiley sare very 
and will undoubtedly be vepr bei^“ m the fea 

solution of the selection of propulsion ma^ 

Just at present, it is expected 

difference in the analyses made on enrines 

electric drive, owing to the wide portion 

available, and since the en^ne forms^a f 
of the weight of the Diesel-electnc drive, a consider^ 
variation in this item would show a large ditte 

%p‘lm”Sd Ms. Stevens <l“2S;”lv“’ftnS 

lis^ ^ 

always be one of ®SSy'to\u«on an 

of the twin-screw Diesel, It is ^ecessary,^^^ two men, 

engineer at each engine and drive one man is . 

whereas m the case of the e ectric a 

sufficient, regardless of the , ma- 

controllers are easier to. operate and ^ rm.:, 

^a’SSSlSs^ 
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minimum, to the maximum,^ as it is merely a function 
of the control. ^ The principal idea in incorporating 
in the paper a discussion on backing qualities of elec- 
tricd machinery was simply to show that this type 
of driw IS as good as any type of drive, and can be 
made better than some t37pes. In regard to battle¬ 
ships, however, it has always been my understanding 
toat quick stopping is essential and that the Navy 
Department lay some stress on this point. Whether 
or not ships are so operated as to not utilize the full 
backing powers of any type of drive, it is of interest 
to note that, on the trials, tests are made to determine 
T which a battleship can be stopped, 

m this connection it is interesting to note that the 
Tennessee can be stopped from full speed in less than 
^ think it is plausible to conceive a 
condition where this difference in stopping time would 
avoid a wreck. 


Mr. Smith mentions that the facts in his table 
of compar^ive weights, fuel consumption, etc., show 
^ .difference from the author's opinions. To 
author's opinions, reference is made 
to the table given previously where thelfacts on which 
these opinions were based are recorded. Mr. Smith takes 
the author's statement and &acTdS 
Tn Diesel-electnc in regard to reliability. 

“terestmg to note that preset 
dirept-dnve Diesels are twin-screws. Furthermore 
obviously a ship having four engines is more reliable 
when consider^, from the “get there” Wea thS onI 
haying two With a single-screw Diesel-electric, the 
full power of any number of sets can always be utilized 
for effective balanced propulsion. This is not the 
case with any other type of drive. CertaiSfv thl 
control gear of a Diesel-electric ship cannot be^cS 
the same category as the reversing gear S a 
direct-drive Diesel engine when it comes tocomnli- 
cation. All control for a Diesel-electric ship S eSed 
through a simple, small field rheostat which handlp«i 
only a, very small fraction of the totarSeS and 

speed XidTThi m1 

spe^ astern positions, does not even open the circuit 
In discussing reserve power I clearlv irlpn+T-ficiri -if * 

cent in speed, and this cannot be approached by the 
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other drives in case of failure of one of the units, and 


particularly the direct-Diesel. 

It is but natural for some Diesel engine^ builders to 
manifest a reluctant spirit in the advocation of high¬ 
speed Diesel engines for electric drive, because the net 
returns to their coffers are naturally going to be enor¬ 
mously reduced. Such recommendations are probably 
influenced by commercial analysis rather than engineer¬ 
ing analysis. However, as a matter of fact, this reluc¬ 
tance might not represent the most expedient commer¬ 
cial analysis, as the manufacture of engines on a Isi'S® 
production basis for an advantageous drive would 
eventually further the sale of engines, and thus result 
in greater and more profitable business. 

The reason that turbine-electric drive is not well 
suited to destroyers or scout cruisers is because of 
construction conditions. These conditions do not 
obtain in battleships and battle cruisers. 

Following Mr. Smith’s specifications for the selec¬ 
tion of the most suitable drive, I think the analysis 
as given in the author’s paper and reply will clearly 
show that the electrical apparatus fulfills his requir^ 
ments which he classifies as the ‘ hard, cold facts. 
In comparing the turbine-electric with double-reduction 
gears there is very little difference, but what little 
there is in cost and weight favors the geared tmbine. 
In the author’s mind, however, these are not sufficient 
reasons to eliminate turbine-electnc drive, particu ar y 


in the light of past performance. . 

Captain Newman has given a very i^tructive ae 
scription Of the U. S. cost guard cutter ^nd its 

propelling machinery. There is one point, however, 
in the discussion that I would like to clear np, and that 
is Captain Newman’s reference to the 'writers allusi^ 
to a synchronous motor as being more complicat 
San Suction motor Possibly Captam Ne^an 

might have meant this for someone else, as certainly 
the author made no such statement in l^is papw. 
did refer however, to the additional complication of 
the control in connection with synchronous motor 
drive Smpared with the induction motor drive, 
and I feel quite sure that those who visited ships con¬ 
fining both types of drive will bear me out in this 

“llSnSi agree witii Mr SPW “ his SPggs 
of the electric-clutch system with the Di^eUlecric 
system using motors and generator ^ 
loffpr k f^onsiderably more flexible than the lormer 

not eliminate the reversing gear of the engine and noes 
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not eliminate the necessity for varying the engine 
g)eed in order to obtain speed control of the screw. 
Even assuming that the screw can be reduced by engine 
throttling to half speed and controlled from there to 
zero by slipping the clutch, I am sure that if this were 
continued for any length of time it would be necessary 
to use special means for dissipating the heat resulting 
trom the slip energy m the clutch, and this introduces a 
complication of some kind. The energy resulting 
froni the slipping of the clutch below its synchronous 
speed IS comparable to that which exists in the case 
or an mductiori motor and with this type of machinery 
It has always been found necessary to dissipate exces¬ 
sive slip energy externally; for this reason, when ad¬ 
justable speed induction motors are reouired ih is 
necess^y to furnish the wound secondary type so 
^resistance can be incorporated external 
to the motors. It is true that the slip energy at low 
propeller speeds is considerably less than at high pro¬ 
peller speeds for the reason that the propeller power 
varies approximately as the cube of the spS but the 
STff f ® sufficiently small below half speed to 

providiu^n^I^ be absorbed in the clutch, without 
^ means for dissipating the heat. 

buted bv of performance contri- 

fiv + 1 ^i®sel-electnc system of propulsion. In 
the ffist place, he endeavors to show that the proneller 

hn by the applicatiSi of fXtor/ 

This, however is not the case, as with d-c. motorrwe 
can accommodate any desired propeller speed Fur- 

siS?o’t£f generators can accommodateW engine 

fTe no? is, thlre- 

mSor^aid^^PnpS;^ limitations in d-c. 

fe shfpdriie® tbeir speeds 

Second, the aniount of reserve power in the case of 

S\JS'n?Uf is SuLl numbS 

power 

simuItaneousl-J^^^i/ of all engines 

speedrotSse fbSp TTf ^^^Ksoyern at any 
pW betw2n interchange of 

With the Diaqa? a waste of energy. 

generators run at SSSSj’r®”'* generators, the 
pnopellerspeed and 
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governors, because with series operation it is not even 
necessary to have the engines running at the same speed. 
The motor speed is controlled by varying the generator 
voltage, which is affected through the operation of a sim¬ 
ple field rheostat, so that in going from full speed ahead 
to full speed astern, it is merely necessary to move 
the lever from one extreme to the other extreme. 
Certainly nothing more flexible than this could be 
desired, and these advantages in flexibility do not 
obtain with the air-gap clutch Diesel drive. The 
operation at slip speeds of the air-gap clutch has been 
discussed previously. When the clutch is slipped, the 
losses vary directly with the speed reduction and power. 
This means poorer efficiency at low speeds than is the 
case with straight electric. The matter of cost is 
something which the author does not propose to know 
anything about, but it seems that the cost of geneiators, 
motors, and control, which are all simple apparatus, 
should not be much in excess of the cost of the air-gap 
clutch, which is a refined piece of apparatus, fiexibie 
couplings, gears, larger air compressor plant, retined 
engine governors, and engine reversing gear. Anotner 
point to be remembered is that this apparatus requires 
very careful alignment. 

Fourth, in addition to eliminating the necessity lor 
reversing Diesel engines as viewed merely ^ 

matter of reversing gear, the one-direction 
electric-drive Diesel engine offers considerable sim¬ 
plicity to the air problem, since it is only nec^sary to 
start one engine by means of air in 
as the remainder of the units can be started electneally. 
Therefore, the compressor equipnaent, air botti^, etc., 

together with reversing gear, pIppSc 

the cost of the electrical apparatus in the 

system. I am, therefore, not S .fSe 

Mr. Sperry in that the “maneuverability mth these 
engines and the air-gap clutches accomplished all that 
dectric plalt'does at a 

?^resent-an advance in the art of ship drive, particu- 
larly as related to Diesel en^nes. -fivp im- 

Later in his discussion, hir. J of the 

portant advantages secured by the ^apphcation^^ 

air-gap clutch system, on which I would like to comment 

previously, such, a system do^ 

not give all the advantages and flexibility YdS 
engine unit with as great reserve power as a Diesel 

electric system would. 
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2. As stated previously, the air-gap clutch system 
does not possess the complete flexibility of the electric 
drive, and It is questionable when all items which the 
f^ectric drive eliminates are considered, together with 
the clutch, flexible coupling and gears, whether the 
expense would be an item for consideration. Mr. 
bperry s allusion to the “cumbersome electric-control 
equipment for handling the heavy currents in maneuver- 
founded, as the only thing that is 
handle is the field rheostat in the generator excitation 
cii cult, and this handles only a small fraction (not 
exceeding per cent of the total power), and at that 

circuit. The notice taken of 
the double losses in motors and generators brings out, 
^ which does exist when comparing 

electric system, as 
ihf VLf y ^ additional loss with 

nronelfpr^^^ t?7i? number of 

propellers. If the electric uses fewer screws fhis 

economy difference vanishes. ’ 

4. The safeguards due to the setting of the toroue 
developed can be accommodated just as well by electric 

■.iriu' f^Weot of “criticals” as mentioned here 
eleeS of units proposed for Diesel- 

Sv rotfltin^ni t,? S®"®rator armature furnishes the 
has little^ ff nnv connected to the engine, and this 

The air-gap fluxes of the generators 
to the air gap of the clutch. 
Merien states, the comparison of the 

sii is ^ remmee with the Idaho and Missis- 

a^full gea?drfvp“^nr*fr 

shins hfvp the reason that the two latter 

turbine,^, NeveAS*” bT^oS^lS 

“-Jy* thaTfi 



be given to electric’ TZ.< the concession must 
both (5 aSaSprf when considering flexibility, 

in case of casifalty to p^me Sers^"" Thf®"'''® ^ 
turbine <HverpaSMy 
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show better steam consumption than a turbine-electric 
drive, and requests information on the performance 
of existing electric-drive cargo ships. I regret that 
I do not have authentic figures in these cases. _ It 
would seem to me, however, that with the turbines 
operating at the same speeds and other things being 
equal, or at least comparable, that geared-turbine 
drives should show a slightly better economy. The 
value of this small difference is questionable. Per¬ 
sonally, I think there are other features of greater 
concern than a slight difference in efficiency. The 
figures which Mr. Anderson quoted for the electee 
drive of existing cargo ships seem to me to be rather 
high and out of proportion for the figure he quotes 
for the geared-turbine drive. At best, I cannot see 
more than 5 or 6 per cent difference. 

I do not propose to reply further to the discussion 
regarding the selection of twin and four-screw smps 
and electric and geared drive, as this is a matter that 
concerns the Navy Department. . 

All the maneuvering that I have witnessed, particu¬ 
larly as concerns backing, has been done with all tne 
engines in use at the time, and I know of no roling to 
do all such reversing on only one machine. As far as 
I can see, there is no reason for it. . 

I do not agree at all with Mr. Stevens in his analysis 
of Diesel-electric drive as given in the first paragrapn 
of his discussion, and a reference to 
of the author’s reply to discussion will clearly show tne 
reasons why I do not agree with him. 

Deferring to the second paragraph of Mr. b.teven s 
discussion, his statements _ regarding 
economy of the reciprocating engine in sizes of 3000 
horse power or less do not agree with any 
have ever come to my attention, and L 

Mr. Bailey’s table of comparison 
both triple-expansion, smgle-screw, and tepl^e^ 
cii'riTi twin-screw engines consume 16 per cent ana /.( 
per cent respectively more fuel than the 
seared turbine in the case of a 2000 S. 11.1". emve. 
Mr Bailey also gives a fuel consumption of 6 per cent 
more for /quadruple-expansion reciprocating engine m 

SSS-SiS'li 

cerncii; p iiirnhr fn occur that cannot be taKen 

a^d furthermore, 
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I do not believe the marine engineer would want to 
place himself in the position of saying that he could 
never learn to repair an electrical machine, as this 
would indicate that the height of progress for marine 
engineers was already attained. Also, due to the simple 
construction of electrical apparatus, repairs should be 
very infrequent. 

The matter of electric drive and geared drive for 
war vessels and the manner in which the different 
layouts affect the protection of the ship, etc., have been 
covered in many previous articles, and a discussion 
of it mil, therefore, not be entered into at this time. 
Mr. Stevens asks why I neglected to mention that, 
while battleships and battle cruisers are to be fitted 
with electric drive, the light cruisers and destroyers 
are being equipped with geared turbines. A reference 
^ TT of the paper under the section 

of War Vessels'' will show that this matter was men¬ 
tioned in the paper. Naturally, as an electrical man, 

I would prefer to pin my faith to a large electric unit, 
particularly in the light of past experiences. 

Commander Robinson has given a very good dis¬ 
cussion on the Diesel-electric section of the paper and 
^ using the same fuel consumption 

with smgle-screw Diesel-electric as exists with twin- 
screw Diesel direct. 


I ao not Deiieve that a voltage of 750 is too high to 
be used, aboard ship -in connection with propelling 
macmnery, as this constitutes an isolated plant and 
can^ be very easily insulated and protected. If the 
engines for the electee drive are sufficiently large, so 

r the voltage! of course? 

can also be reduced in proportion. 

John K, Robison: About ten years ago I was called 
upon to discuss an article presented by W. L R 
Emmet on the subject of “Electric Drive” and T 

^ from Missouri. Well, I have 
seen a few things since. Concerning the economy propo¬ 
sition, I can state for the benefit of the Society that on 
teal trips we have had figures that have Sn us ffi 
no case so much as 0.9 of a pound of fuel per ?haft 
W power under any speed between 10 and 21 knots 

sSsSe!” “r-r 

Concerning the geared-turbine drive for the Afnrth 
Dak^a the cuirent .operating efficiency of tL shS 
has not been so satisfactory as we had hoped! We 
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do not lay that to the machinery. We lay it to con¬ 
ditions that are temporary. We lay it the lack of 
skill of onr own people on board the ship, and we expect 
in the future on the North Dakota a degree of efficiency 
that will become comparable with what we have been 
getting on the New Mexico; for example, the Mexico 
burned about one-half to two-thirds as much fuel 
when steaming in squadron with the North Dakota 
as the North Dakota burned. 

In port, on the electric auxiliary question, we have 
extended very considerably the use of electric auxiliaries. 
That has been done notably on the Tennessee. The fuel 
consumption of the Tennessee is less than 11 tons a day 
in port, and nothing is steam driven except an 
generator, condensing or non-condensing, forced draft 
blower, and a few pumps. The exhaust steam froin the 
auxiliaries and the non-condensing generators is ^sed tor 
' the operation of the evaporators; also when sunicient 
exhaust steam is available for heating the ship and in 
the galley. The pressure of the exhaust steam is 
maintained at 12 pounds gage in order to pro'snde sum- 
ciently high pressure to operate the boilers in the gaiiey. 
That ship is running with materially less fuel than any 
other battleship,' and we figure that the 
iliaries on that ship are saving us approximately Ij^lbb.uu 

Ernest H. B. Anderson: May I make one comment 
in regard to the North Dakota in relation to the other 
ships? I do not know if it is clear to everyone here 
that the revolutions of the propellers on the A ortA 
Dakota are 240 a minute, as compared with i/u loi 

the Tennessee and sister ships. . xr,.,;. 

Rear Admiral Robison: That is tru^the North 
Dofcota has single-reduction gears. 

Mr. Anderson: She has single-reduction 
but when the change was rnade 
roncw the shafting and reduce the pi op 
tions to 125, we will say—it could was 

far as the geared turbines were ^onceined'Jiut it was 
rpallv a Question of cost and structural limitations. 

W L R Emmet: When we were figuring on the 
tote lor tte W— we we toH « wa^ 

not worth while to change the 

said that it would be a j Eag told 

shafting and propellers into the sh p, 

codd not have been done, Mr. 

rSTsl’-S'SSS 
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but it IS probably true that the steam is generated 
m the boilers and not all put to useful work. I 
have not a great deal of data. I had hoped that we 
would get some positive^ information this afternoon 
on the subject of operation. I have engineers’ logs 
and reports on something like 500 voyages. Throw¬ 
ing out about one half of these as unreliable and esti¬ 
mating the horse powers as accurately as we can, 
r^koning on the vacuum and steam conditions under 
which the ship was operated, and also knowing approxi¬ 
mately the power that would be necessary to drive 
the ship between the ports stated in the log, we arrived 
at a fairly accurate figure for horse power. Based on 
tms we can estimate the fuel per horse power hour. 
Ihese figures will run, on similar ships with similar 
equipments, all the way from less than 1 pound to 
nea,rly 2 pounds. The figure of 1.23 pound which I 
t^K, SO tar as I can find is fair. Assume a boiler . 
emciency of about 76 per cent, which means an evapo¬ 
ration under conditions of operation of approximately 
13.5 pounds; this gives us the total amount of steam. 
We know that the turbine can pass only a limited and 
quantity of steam through its &st stage nozzles, 
mu pressure _ more will not go through.- 

* j diiterence, therefore is the amount of steam gener- 
ated by the boilers and charged to auxiliaries. 

We are all looking forward to the time when we will 
have a steamship entirely equipped with electric 
auxilianes. Comparison made between our merchant 
shps similar to the comparisons that have been made 
between naval vessels, I think, will vindicate the figures 
which I have used. 

Mr. Anderson, in his remarks, seems to settle on 0.9 

will allow only 
steam for all purposes on the ship, 

^ feed, water. That sounds too good 

think tW auxiliaries. I do not 

th c ofS ^ anything else I wish to bring out 

this afternoon, but as the chairman has pointed out 
economy is the vital question, and we should get 
positive knowledge of the evapo¬ 
ration on our ships; then we will all be in a better 
position to discuss gains which are possible by the 
general application of electricity. ^ 

Bates account of the electrical equipment on 
the Pnnz Heinrich gives conclusive proo? if sudi be 
necessary, as to the rehability of suitably SmS 
electrical machinery on ships. The anStus S 

expS T r a is^whafsSuld be 

1 piope^'^y designed and properly built 
electncal equipment. In other wori/^£t3y 
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all the maintenance charge of suitable electrical appa¬ 
ratus will be covered in the first cost. 

Mr. Jett’s recommendations should be given tne 
most serious consideration. He has devoted muc 
time and thought to the study and investigation of 
electric deck machinery. Recommendations based 
upon his findings that a properly 
electric winch with 25-h. p. motor is in e^ei'y ^ *e 
equivalent of a steam winch having two 84 hy lO-in^ 
cylinders will most likely be excellent practise ^ 

In making such comparisons it must be borne n 

mind that a cargo winch is at best ^ juj 

other words, for the reasons that winches be called 
upon to handle miscellaneous c^go and ““ the 
length of the lift varies with the depth of the car^ in 
the\old and the height of the dock or which 

the cargo is being handled, it a-r^hitect 

owner or operator of the ship, with ap 

and engineer, to arrive at a design of ^nch Ann- 
things considered, will be the best for ^ 

ditions. In larger ships mth “%eed 

found desirable to somewhat increase the p P 

and fit a larger motor. _ h not 

The horse power rating of a 
definite. Electric motors are enable of congderaWe 
- overload for short periods of time. The rati g wi 
be considerably less if based on a one-hoim test igher 
than on one-half-hour test.. Jy S 

that handling cargo on ships ^^.^^^KS houb 
same heating as a rated fuh load for the accurate 
Mr Tptt also ooints out the need for 
. data on fuel consumption that may 
ships’ auxiliaries. The author vnsh^ that Mr. Jett 
had put even greater stress on this ^^al POint 

A renlv to Mr. Smith’s criticism would become vei> 

a number of specific oases in like detail 

In all fairness, however, it ^aner the 

as stated in the i>>ttoduct.on of to auaor 
compansons were bas^ .jfmbabilits the individual 
SXwSuy driven” lillTw canes be some¬ 
what moryostly 
S.p'’Sro?hstging^i. 

gSe?o2Sj’’ mltcSt omSOO, wh^ch Mr. Smith took 
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as* the cost of an electric winch, is very high. Further, 
the cost of suitable electrically driven ships^ auxiliaries 
will be reduced as the demand increases. 

The author would point out that on the earlier 
motor ships steam-driven auxiliaries were fitted, and 
It was found these required^ so much fuel that electric 
auxiliaries had to be fitted in order to realize the high 
efficiency expected from a motor-driven ship. 

Mr. Smith's argument as to the amount of power that 
rnight be secured by admitting 7950 pounds of exhaust 
steam to the low-pressure turbine is based on the assump¬ 
tion that this is steam. When it is considered that a 
great part of the heat in the 12,500 pounds of steam 
rererred to m the author's paper has been given up 
to heating the atmosphere, that condensation has been 
going on continuously m the thousands of feet of piping 
with approximately 2500 square feet of radiating sur- 
^^st be recognized that there is a great deal 
returned to the engine room and that the 
theoretical advantage cannot be realized. 

Smith v^ill refer to the comparisons, he will 
nnci that the author allowed somewhat less for the 

ta Sh 75 ^ 

that steam 

^ itseK always inferior to electrical. It is a 
ftls the future will show that 

uTiit<f to 9P®^ate a number of small steam 

units distributed in different parts of a ship. When 

SlStitutfnsr^n^^f ^i^^t can be effected by 

® ®team engine driven, or even oil engine 

of ""Jtiplioity of 3! 

pieces or steam machinery, they will fit their cihir»Q 

Wigi electrically driven app^atus 

attention should be called to Mr. Pierce’s 
remark, m many ships the steam steering gear could 
be replaced by a hydroelectric gear S SderSle 
sa™g and wjthout increasing ft? siaerf thfiStog 
sets. _ Mr. Pierce is a man of experience- tiie hvdrrT 

?ndS rfhe™ » be granteftSf 

would be found t?bpiS-J r*\^^®^m,^^tings the size 

point out 
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tinuously become tremendously heavy and expensive 
when enclosed; further, if they £ffe to be located in a 
damp place, they will become wet inside and_ are just as 
liable, or perhaps even more liable, to deteriorate when 
not running than are ventilated motors. _ Experience 
has shown that ventilated motors are entirely reliable 
on shipboard if designed for the conditions and built 

of suitable materials. , , ^ j., • j.-„ 

Referring to Mr. Pierce’s remark that this practise 
(referring to the use of enclosed motors below decK) 
has been followed on foreign ships with success, tne 
author would refer to an article in the Electneian 
(London) of July 29, 1921, on page 131, in which it is 
kated “but for all ordinary purposes.a semi-enclosed 
and preferably drip-proof . design is best. ibis 
article refers to British practise. . 

In rhaking a general recommendation m ta,yor oi. 
enclosed ventilated motors for below deck ^.^tbhytmn, 
the following points were given consideration; (^e 
motors would have to be Pi’otected from dnpp g 
water by shields which would cost the shipbuilde 
something to install. In the smaller sizes the post of 
such shields would be high in proportion to the tost, 
cost of the motor. In many '"stances such si 
would occupy valuable space and would '^te , _ 
vnth accessibility of the motor and other 
located nearby. The cost of the enclosed ventilated 
motor is slightly more than the open motor and ^ery 
much less than the enclosed motor for continuous 
operation. Motors suitabto for 
be built with open frames. They would co^ Sirt 
less than ventilated motors designed to keep out drip- 

^^^efemtog to Mr. Pierce’s criticism of alternating 
current for tankers, while it is trae ifers 

been experienced, I believe the ^ +a,ils of 

referred to were a war product and 

of the oDinion that m most cases direct current ^ 
be fomd to be more suitable for auxiliary POwer rni 
shins- he believes, however, that very careful considera- 
tioTshould be given to special applications where alter- 

the author was 
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it would seem that the author had been somewhat 
unfortunate in the way he expressed himself on the 
subject and that Mr. Pierce had been unfortunate in 
the experience he had had with generators, motors, 
controllers, and starting panels. What the author 
wished to bring out was the fact that a great deal of 
had been e^erienced with wiring on ships 
and that the application of electricity suffered in conse¬ 
quence. It is essential, in order not to discredit the 
use of electricity, that the installation be well and 
carefully done, and that every precaution be taken to 
see that apparatus fitted on ships is in every way 
suitable for the application. 

Mr. Pierce remarks that the figure of 12,500 pounds of 
steam per hc^ which was charged to auxiliaries, is 
ndiculou^ To substantiate this he gives figures on 
sorne 18,000 to 27,000-h. p. equipments, presumably 
destroyers. The author regrets that Mr. Pierce did not 
give actual figures, by tests, of evaporation with seg- 
regated _ steam, required for main-drive turbines and 
auxiliaries on cargo ships. The one case cited of 2880 
n. p. quadruple-expansion engine where 11 pounds 

auxiliaries is possible and, 
might be obtain^ under trial conditions. The author’s 
that,^ for any operating conditions on 

realized. The 

S knowledge of certain geared-turbines ships 
mth steam-driven auxiliaries which are also showiM 
pproximately 1 pound of fuel consumption per shaft 

telslo’Z.iT “f- nofstate rteThIr 

T^: „ ^ sreat deal of difference. 

I® m general agreement with Mr. Pierce 

rpttifil greatest part of the saving 

SenS « ?™liaries electriSy 

operated rather than steam driven. There are two 

aparent reasons for this-one, that a S amoS 
iifortSif^Sr^thftTTthe most 

sity stands Sie^onypeS^Kmra d^ 

The aathor agrete with Mr. Pierce’s suggestion that 
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great saving can be realized by the electrification of all 
ship’s auxiliaries, power being furnished by reliable 

would from hU 

critics that, with but one exception, there is a unau- 
imity of opinion as to the desirability of electrifying 
merchant vessels to the end that greater economy 

°^!rS?STeSgSSfthat each ship mi^t be given 
soSi^ study, and all factors entering into its economi¬ 
cal operation must receive due and proper considera¬ 
tion in order that the most suitable apparatus be fitted 
So long as the art is acivancmg.^it is to be expected 

that there will be a considerable divergence of opinm 

as to the best means of attaining the end ^jr jw. 
Much has already been done in this country, and it 
gratifying to find that the qu^tion of reliability ot 

electrical apparatus has been ft rest. ■, ■ • 

The author felt that he was liable to certain criticism 
in drawing the comparisons in fuel consumption which 
he dW befweln^S fitted fth fearn and dectrical 
5»nn5iral-iis We have available data as to the tfei con 
sumption of ships, but very little published data aj to 
Vinw much of this fuel is required for the propulsion 
Ind how much should be 

Anv engineer who is in a position to obtain aosoimeiy 
^SwrSmation on diis ^PO^ant subject can 
materially assist shipowners_ and ^ of 

f» 

misleading. 
















REPORT OF THE BOARD OF DIRECTORS 

FOR THE FISCAL YEAR ENDING APRIL 30. 1921 


The Board of Directors of the American Institute of Electrical Engi¬ 
neers presents herewith to the membership its Thirty-seventh Annual 
Report, for the fiscal year ending April 30, 1921. A general balance 
sheet showing the condition of the Institute’s finances on April 30, 1921, 
together with other detailed financial statements, is included herein. 
The following is a brief summary of the principal activities of the Insti¬ 
tute during the year; more detailed information has been published from 
month to month in the Institute Journal. 

Directors* Meetings.—The Board of Directors held nine regular 
meetings during the year; four of these were held in New York, one at 
White Sulphur Springs, W. Va., one at Philadelphia, one at Chicago, 
one at Akron and one at Pittsburgh. 

Information regarding the more important activities of the Institute 
which have been under consideration of the Board of Directors, the com¬ 
mittees, and the various officers, is published each month in the section 
of the Journal devoted to “Institute Activities. 

President.—During the year President Berresford has attended many 
Institute and Section meetings, including the Annual and Midwinter 
Conventions and meetings in New York, 'Philadelphia, ’ 

Pittsburgh, Cleveland, Detroit-Ann Arbor, Indianapolis-Lafayette. 
Milwaukee, St. Louis and Schenectady. 

Annual Meeting.—The Annual Business Meeting was held at Institute 
h.X~te“ S Yo,., M.y 21, im Tl. 

Board of Directors for the fiscal year ending Apnl 30. 1920. 

„ poblisM m Ml to the J.ly 1920 toe ol the JooR»^ “‘j 

Committee: presented its report upon the election of officers for the year 

c.«. the eer...., .< the 
presentation of the Edison Medal to W. L. R. Emmet. 

: Annual Convention.-The Thirty-sixth Annual Convention was, 

ot- “TliP Greenbrier” White Sulphur Springs, W. Va., o^June 
f 1 9 %?0 The arrangement of the program by which the five techm- 

w.« “S t. to 
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with commendation. Thirty-eight papers were presented at four 
of the five sessions, the first session being devoted to the Presidential 
address and the Technical Committee Reports. The annual conferences 
of the Sections Committee were held and thirty Sections of the Institute 
were represented by delegates. Among subjects discussed were the 
following: Geographical divisions; Section territorial limits; Section 
financial support, etc. 

Pacific Coast Convention.—The Ninth Annual Pacific Coast Conven¬ 
tion was held in Portland, Oregon, July 21-24, 1920. Eight technical 
papers were presented. Resolution adopted advocated the holding of 
1921 Annual Convention in conjunction with Pacific Coast Convention at 
Sait Lake City, Utah. 


Philadelphia Meeting.—The 364th Institute meeting was held in 
Philadelphia, October 8, 1920 and consisted of a celebration of the cen¬ 
tenary of the discoveries of Oersted, Ampere, Arago and Davy, also a 
technical session at which two papers were presented. 

Chicago Meeting. The 365th Institute meeting was held in Chicago, 
November 12, 1920, under the joint auspices of the Chicago Section and 
the Protective Devices Committee, the Western Society of Engineers 
participating. Four papers were presented on ^‘Lightning Protection/’ 

Akron-Cleveland Meeting.—The 366th Institute meeting was held 
in Akron and Cleveland, January 14, 1921, under the joint auspices of 
the two Sections and the Industrial and Domestic Power Subcommittee 
on the Rubber Industry. At the technical session a symposium, on 
Electric Power in the Rubber Industry” was presented. 


Mid-Winter Convention.—The ninth Mid-Winter Convention was 
'''' February 16-18, 1921. Total attendance more 
than 1000. Seventeen technical papers were presented during five 
technical sessions. The convention closed with the presentation of the 
Edison Medal to Dr. M. I. Pupiu and a lecture by the medalist. 


New York Meeting.-~The 368th Institute meeting 
New York on March 11, 1921. One technical paper 
under the auspices of the Power Stations Committee 


was held in 
was presented 


burgh Auril Ifi IQ 9 /' meeting was held in Pitts- 

and tht f jointly of the Pittsburgh Section 

and the- Association of Iron and Steel Electrical Engineers Three 
papers were presented during the two technical sessions 


Abstracts of the reports of the chairmen of many of the Institute 
delegations and committees are included herein under various_headings. 


Meetings and Papers Committee.—The 
mittee held meetings every month of the 


Meetings and Papers Com- 
year except July and August. 
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The results of its work are set forth in the form of the list of meetings 
held, given elsewhere in this Report. 

The policy of this committee has been considerably influenced this year 
by the state of the finances of the Institute which required economy in 
all the activities. The committee has endeavored to reduce the number 
of papers presented at the various “National” meetings and in some cases 
to substitute lectures or addresses by prominent engineers for the usual 
technical papers. A notable example of this was the Historical Memorial 
meeting in Philadelphia in November 1920. The December meeting 
was omitted. On the other hand the number of meetings of local 
sections has been very great, probably greater than in any preceding 


year. 

The experience of this year has suggested to the committee two changes 
in practise in the interest of economy, raising of standards and equality 
of treatment of sections, which suggestions are offered for the considera¬ 
tion of the membership. 

First: That hereafter the Meetings and Papers Committee establish 
a subcommittee within itself, to be known as its editing committee,^ whose 
duty it shall be to carefully scrutinize every paper accepted, with the 
object of reducing the volume to a minimum consistent with clearness, 
thus saving time at meetings, and space in the publications, and giving 
opportunity for the presentation of a greater number and variety of 
papers with less overlapping of matter by different individuals. 

Second: That it be not attempted to hold “National” meetings every 
month of the season but that local Section meetings be encouraged y 
assigning to them a greater proportion of the papers offered through the 
Meetings and Papers Committee. ^ ^ 

Coordination of Institute Activities,—At the beginning of the ad 
ministrative year in August 1920, the Board of Directors appointed a 
“Committee on Coordination of Institute Activities”, the duties of which 
are “to consider and advise on all questions arising as to Institute ac i\ 
ties of whatever nature, particularly those in which uncertamty, 
of opinion, actual conflict, or duplication may appear to exist, an ^ 
questions of Institute procedure, policy, or precedent are ° 

final decision is necessary,, to report the conditions to the Board with ap¬ 
propriate recommendations.” , 

This Committee, which includes the Chairmen of 
important Institute Committees, held a number of meetmgs and reported 
its actions to the Board of Directors from time to time _ 

Among other subjects considered were the awarding of 
of worthy papers presented before the Institute, an a ^ j 

of the proLdure to be followed in making awards, as published in the 

April and May issues of the Journal. referred 

Various matters relating to Institute Br^c es w i , . and 

to the Committee for consideration by the Directors we directors, 

the recommendations of the Committee, after approval by the Directors, 

were forwarded to the various Branches. ooordination of the 

Another important matter considered various ioint or<^aniza- 

Standardization activities of the Instttute an e „ ^ . j-ecom- 

tions with which the Institute is affiliated. The Committees 
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mendations have been transmitted to the Directors and are scheduled 
to be acted upon at the May meeting. 

Institute Prizes.—At various times the desirability of establishing 
prizes to be awarded by the Institute to authors of papers has been dis¬ 
cussed. 

The subject has again been active recently, and at a meeting of the 
Committee on Coordination of Institute Activities, resolutions were 
adopted and were approved at the January meeting of the Bo^rd of 
Directors and referred back to the Coordination Committee for the formu¬ 
lation of the necessary details of procedure in making the awards. 

All papers presented at meetings of Sections of the Institute during the 
year 1921 by any member of the Institute who has never before presented 
a paper before the Institute or any of its Sections are eligible for this 
competition. 

The Coordination Committee also considered a specific offer from the 
Jeffery-Dewitt Company to donate to the Institute $100 each year for 
the purpose of establishing a prize for the best paper on a subject within 
the field of high-tension transmission and distribution. The Committee 
recommended that “the offer of the Jeffery-Dewitt Insulator Company 
be accepted as applying to an award for the calendar year 1921.“ The. 
Board approved this recommendation and referred the matter back to 
the Coordination Committee for the purpose of formulating the-necessary 
plan of procedure. 

The procedure to be followed in connection with the award of prizes 
will be published in a later issue of the Journal, 


Publication Committee. This Committee, which has supervision 
o monthly Journal and the annual Transactiok-s, has 

held several meetings during the year, has considered various matters 
relating to the Insbtute’s publications, and has formulated the procedure 
regarding publication of papers, news items, reports, and other material 
in these publications. 


The general policy, as formulated and recommended by the Committee 
on Development and approved by the Board of Directors in 1919, has 
been carried out to the extent that the available finances would permit. 

or more detailed information regarding the activities of this Committee, 
reference should be made to the publications issued during the past 
year, which practically constitute the report of the Committee. 


Geographical Divisions.—The Special Committee on Geographical 
ivisions and Election Procedure, authorized in June 1920, studfed in 
cooperation with the local Sections the question of grouping the member 
^emh! districts. A plan was formulated, dividing the 

Bo^ If? ? -^ted upon' by the 

far ft 1920 meeting. This plan was used as the basis 

election of Vice Presidents this Spring. For 
omplete detail.? see the December 1920 Journal. 
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Sections and Branches.—The statement was made m the ^ 

the Board of Directors for last year that, “It may be inferred from 
present term that there will be further increase of activities (Sections) 
next year” and results demonstrate the correctness of that inferen^. 

This is indicated partly by the figures given in the following ’ 

ing the number of Section meetings held and the attendance a,t them, b 
more particularly by the large increase in the number of Sections, an in- 
crease which is very much greater than in any previous year. 

During the past year Sections have been 
Cincinnati, Ohio, Syracuse, N. Y., Omaha, Neb., Lehigh ^ 

headquarters at Bethlehem, Pa., and Connecticut with headquarters at 

New Haven, Conn. This interest in Section activities shows, if the Sec- 
tions may be considered one of the most important members of body 
politic, that the Institute is in a very healthy condition. 

In some cases the organization of these new Sections has lead to con¬ 
troversies as to conflicting Section boundaries, but in all cases these 
Acuities have been amicably adjusted by the Sections interested. 

There is a growing demand from the members residing in the more 
sparsely settled sections of the country for very muc ^ 

limits, and while each case as it has come up has een se e 
merits some very serious thought should be given to amen i 
laws to take care of the situation. 

Cooperation between the Sections of the “embers 

engineering societies, looking to the increase of the we . increase 

and a further development of their civic duties, has con , . -ailed 
and in many localities this has resulted in the engineers being called 
Upon to take a more active part in civic affairs. 

The Branches are now upon a healthful basis the have 

that enjoyed before the war. Attendance is good and the ^ 

been of particular interest due to the stimulus of the 
matters and the activity of students in presenting 
of their maturity and experience during the war. 
papers and discussions presented by students are o _ ® S .. pj 
Ld value, although contact with Institute officers is considered of ut- 

most importance. 

Social functions including banquets addressed by P™”'?,“Loadrnffig 

and representatives of the 47 o"f’Cotton picture films 

effect, have been generally adopted. T 
illustrating industrial processes is becoming general. 

Educational institutions, where ' t^J^witt’studj 

partial credit toward graduation for work done in ®'“^4tin? 

of the A. I. E. E. Journal and presentation of papers at Br t ^ 

In other institutions the Journal is used for f ®^®“®® 
are abstracted for discussion at meetings and in the classroo . 

The number of enrolled Students has greatly increased ^nd new 
Branches have been authorizedat Case School 

Union, Virginia Military Institute and University of Southern California. 
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For Fiscal Year Ending 




May 1 
1915 

May 1 
1916 

May 1 
1917 

May 1 
1918 

May 1 
1919 

May 1 
1920 

May 1 
1921 

Sections 








Number of Sections. 

31 

32 

32 

34 

34 

36 

42 

Number of Section meetings 








held.. 

246 

251 

265 

245 

217 

262 

303 

! 

Total Attendance. 

23,507 

28,553 

31,299 

34,614 

25,837 

30,741 

37,823 

Branches 








Number of Branches_.... 

52 

54 

59 

59 

61 

62 

65 

Number of Branch meetings 
held... 

328 

360 

368 

268 

156 

360 

443 

Attendance. 

12.712 

15,166 

16,107 

10,683 

6,441 

16,827 

21,629 


Standards Committee.—The Standards Committee has held six regular 
meetings during the year for the transaction of its business. The final 
touches were given the new edition of the Rules which had been prepared 
during the two preceding years under Chairman Robinson. The edition 
is now available. ^ 

A difference arose over the phraseology and interpretation of certain 
definitions in the telephone section of the Rules, but the Committee was 
fortunate in being able to adjust this in a meeting at which representatives 
of the National Electric Light Association and the American Telephone 
and Telegraph Company attended. The adjustment received approval 
from the Board of Directors and is embodied in the new edition of the 
Rules. 

As some differences of interpretation of the Rules on rating of electrical 
machinery seemed possible, the Committee (with the approval of the 
Board of Directors) is responsible for the formation of a Sectional Com¬ 
mittee^ under the procedure of the American Engineering Standards 
Committee so that differences, if any, may be thrashed out and the inter¬ 
pretations be fully established. 

The Institute is also represented on Sectional Committees oh Terminal 
Markings of Electrical Machinery and on Specifications for Insulated 
Wires and Cables for other than Telephone and Telegraph Purposes. 

A request from the Committee that the A. I. E. E. be made sponsor for 
the formulation of a Standard of Aluminum for Conducting Purposes has 
been approved by the Board of Directors and forwarded to the American 
Engineering Standards Committee. 

The Committee has given much consideration to the relation of the 
standards Rides of the Institute as a whole, to the procedure of the Ameri¬ 
ca Engineering Standards Committee, and by direction of the Board of 
_ irectors the matter is now in the hands of the Committee on Coordina- 
lon o nstitute Activities, who .will report recommendations on the situa- 
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The opinion of the Standards Committee that the A. 1. E. E. is the 
appropriate body to be sponsor for Standards Rules and definitions in 
all electrical engineering matters, as defined in Section 28 of the By-laws 
has been expressed in a series of resolutions which were adopted by the 
Committee and transmitted to the Board of Directors, 

Subcommittees of the Standards Committee have been active in work. 
A new Subcommittee on Insulators was appointed during the course 
of the year. Special committees on magnetic units, nomenclature and 
other pertinent subjects have also been active and have produced im¬ 
portant reports. 


American Engineering Standards Committee.—In the very rapid 
increase of the activities of the American Engineering Standards Com¬ 
mittee during the past year the following facts stand out: The By-laws 
and Rules of Procedure have been completely revised and expanded; 
many additional bodies have been admitted to representation on the Com¬ 
mittee, until it is now composed of 49 members representing 17 bodies 
or groups of bodies, including 6 national engineering societies, 5 govern¬ 
ment departments,and 13 national industrial associations; the Committee 
is now in cooperative touch with 10 similar foreign organizations. Eight 
standards have been officially approved, 9 more submitted for approval, 
and 36 active projects are in hand. 

The Annual Report of the Committee for the year 1920 is now avail¬ 
able; an abstract was printed in the May Journal. 


U. S. Rational Committee of the I. E. C.—This Committee has held 
several meetings during the year. Its work has been interfered with 
somewhat by the inactivity of the International Commission during the 
last year. It was expected that the meetings of the I. E. C. National 
Committees, held at Brussels, March 27th to April lth, 1920, would be 
followed soon by various other meetings of the Advisory and Special 
Committees of the I. E, C., including a meeting of the Committees on 
International Electrical Vocabulary and Graphical Symbols, which was 
to have been held at Zurich, in June, 1920, atid meetings of the Advisory 
Committee on Rating of Electrical Machinery, which was to have been 
held at Paris, in December, 1920. These meetings and also meetings ot 
other Advisory Committees, including the Advisory Committee on 
Standard Pressures, Symbols, Nomenclature, and also Screw Lamp 
Sockets and Bases, have had to be postponed for various reasons and t e 
date for holding them has not yet been set. The Commit^e, which has 
always taken a leading part in the work of the Advisory Coinmittee on 
Rating of the Commission, has found it desirable to suspend its work m 
the preparation of new proposals to the Commission, so as to . 

benefit of the comprehensive study now being made of 
of the rating of electrical machinery by the A. E. S. C. Sectional om 
tee on Rating of Electrical Machinery, 

the A. E. S. C. on the initiative of the A. I. B. E. Standards Com , 
the latter Coinmittee being the sponsor body for that Sectional 

The Committee, with the approval of the Board of Directors, , g 
the last year, effected changes in its organization, for the purpose of alio - 
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ing other electrotechnical bodies, such as the Electric Power Club, the Na¬ 
tional ElectriCr Light Association, etc., to have official representation 
in the Committee and to help meet its expenses. This cooperation 
of other electrotechnical bodies, which is in accordance with the plan of 
organization of several of the European National Committees of the 
I. _E. C., will add to the influence and facilities of the U. S. National Com¬ 
mittee, and will react favorably upon its activities and upon its work. 

Research Committee.—The Research Committee of the Institute, 
appointed at the January 1921 meeting of the Board, held its first meeting 
T this committee was created primarily to act as 

the Advisory Board on Electrical Engineering of the Engineering Divi¬ 
sion, National Research Council, much of the discussion at this meeting 
consisted of the presentation of possible fields of activity. A committee 
of five was appointed to consider and report on all suggestions submitted. 

Committee on Code of Principles of Professional Conduct.— Through 
correspondence and conference the Institute’s Committee, upon invita- 
MTchlTi p® corresponding Committee of the American Society of 

modlfici,™ i. ,h. p„p„.ed Cod. 

SafirCodeV“ Codes.-The Chairman of the Committee on 

Safety Codes continued to represent the Institute on the Electrical 
Committee of the National Fire Protection Association. A commhtee 
the Engineering Standards Committee for 

on the American Committee^or^He^ctr Institute representatives 

meetings, either of the main committee or of the attended several 

during the year. mmittee or of the various subcommittees, 

main committee in New^Yo°rk*recem;i°°™*d***^^^ considered by the 
-ill probably be issued in 2 Z f^^fe aft 

s^jciations represented on the main committer as- 

Examiners during the year held 
refeired to the Board of Directors a totar'T:* ‘ considered and 
miKion or transfer to the higher grades applications for ad- 

33% over last year. ^ grades. This is an increase of about 

last year w^ comlnueffi^ RfafaSo™li as adopted 

l-c Board and all doubtful or TorSlffie 

‘borderline cases were referred for con- 
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sideration to the Board as a whole. The growth of the Institute is 
becoming so rapid that it is only through such a division of work among 
subcommittees of the Board that it is possible to keep the required number 
of meetings within reasonable limits. 

The result of the Board’s work for the* year is given in the following 
tabulated statement: 


Applications for Admission 


Recommended for grade of Associate. 2293 

Not recommended.... 4 2297 

Recommended for grade of Member. 126 

Not recommended for admission to this grade. 76 202 

Recommended for grade of Fellow.. 5 

Not recommended for admission to this grade. 14 19 

Recommended for enrolment as Students. 1475 

Not recommended for enrolment. 3 1478 


Applications for Transfer 


Recommended for grade of Member. 237 

Not recommended for transfer to this grade. 44 281 

Recommended for grade of Fellow. 49 

Not recommended for transfer to this grade. 10 59 

Total number of applications considered. 4336 

Applications reconsidered. ® 

Total.. 4342 


Membership.—In spite of the strenuous financial conditions of the 
past year the Membership Committee by earnest effort has greatly 
exceeded the results secured during the years ending May 1, 1919 and 
May 1, 1920 both of which were banner years. 

Of the 37 sections existii^ August 1, 1920, 14 have sent in 
applications in excess of 25% of their membership as of that date. 

During the five years ending May 1, 1918 the net increase was only 
1628, an average of 336, while the years ending May 1, 1919 and May 1, 
1920 showed net increases of 970 and 1093 respectively. The year 
ending May 1, 1921 shows a net increase of 1870 or an 71% increase over 
the preceding banner year. 

The total applications received were 2442 as compared with 2033 last 
year and 1596 the year before. 
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Honorary 

Member Pellow Member Associate 


[■ Membership, April 30, 1920. 
I Additions: 

i Transferred. 

I New Members Qualified... 

I Keinstated. 

f Deductions: 

i Died. 

I Resigned.■. 

[ Transferred. 

I Dropped. 


j Membership, April 30,1921.. 


Net increase in membership during the : 


Deaths—The foUomng deaths have occurred during the year 
Fellows: James Mitchell, Cecil P. Poole, Samuel Sheldon 

. Denniss, G. B. Diem ^Sothy^S 
Ekstrom, John Ellis, Horace S Geutsch E’s 
Lewis T. Glaser, Oscar Hansen, plihp E Hart o B ’ Hnd"‘ 

Hovelson, Arnold Keller Tr Pr-n/i • i -n’ Hodgson, Henry 

G. H. Lukes, WUlifa I’/vnn wT Knierim, 

R. Nelson, Mbert A. Nimis, 'Z^rle M'"‘pa' 

J. A. Runchey, E. D. N. Schulte Kenneth T ^°Sers, 

Jr-, E. F. Sherwood, M M Shrader M Shepard. 

Thompson, Louis E Waugh J S w^-T^ut « ^■ 

Total deaths, 55. ^^g^d-Wygodsky. 

Employment Service_t 

iMintained for many years at 

the latter part of 1918 was coordinated which during 

other Founder Societies, was transfetd^o^t?® 
organized American Engineering f ® auspices of the newly 

recommendation of the^e^ef upon the 

o the tool Founder Societies. It is to be ra Committee, 

s: s- 
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and Electrical Engineers are acting as a special managing committee 
on the request of Council. 

In addition to a direct service, the Bureau publishes an engineering 
service bulletin each month in the Institute Journal and it has served 
to place many members in positions of responsibility, both in this country 
and abroad. The bulletin is subdivided into two parts: one containing 
announcements of vacancies, and the other containing lists of men 
available, with condensed records of their experience. All announce¬ 
ments are published without charge either to the employers or to the 
members of the Institute seeking positions. 

The Federated American Engineering Societies,—A very harmonious 
transfer was made of the activities of Engineering Council beginning 
with the first of this year. American Engineering Council has both largely 
succeeded to the reputation and benefits of its predecessor and has the 
added advantage of a more democratic organization, a wider support 
and far greater publicity. Attendance at meetings has been uniformly 
large, the spirit of cooperation very strong, and the willingness to devote 
time and energy to the work of Council most gratifying. It is believed 
the Institute has taken a wise step in this organization and support should 
be continued. 

In addition to the organization meeting held in Washington, D. C., 
in November 1920, the Executive Board held meetings subsequently 
in New York in December; in Syracuse in February, and at Philadelphia 
in April. 

Institute members have been appointed to the following offices and 
committees: H. W. Buck, member Standing Committee on Publicity 
and Publications; Professor Charles F. Scott, member of Committee on 
Constitution and By-Laws; L. B. Stillwell, member of Committee on 
Public Affairs; William McClellan, Chairman of Finance Committee; 
Calvert Townley-, ranking Vice-President, Chairman of Committee on 
Procedure and member of Finance Committee. 

Complete details of organization of the Federated body were given in 
the December 1920 Journal, and its activities have been liberally 
chronicled from month to month. 

United Engineering Society.—This Society performs for the national 
societies of Civil, Mining, Mechanical and Electrical Engineers, certain 
specific acts which are governed by contracts; the primary function of 
the United Society being to hold in trust and to administer for these 
societies the Engineering Societies Building, in which the headquarters 
of the National societies are located. 

Extracts from the annual financial report of the United Engineering 
Society were published in the March 1921 Journal 

Engineering Societies Library.—The library of the Institute is com¬ 
bined with the libraries of the national societies of Civil, Mining and 
Mfechanical Engineers, administered as the Engineering Societies 
Library” under the direction of the Library Board of the United Engineer¬ 
ing Society; this board is composed of representatives of each of the four 
societies referred to above. 
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In order to place the facilities of the library at the disposal of persons 
residing at a distance from New York, a Library Service Bureau has been 
established, and a staff of expert searchers and translators is employed to 
cover almost any engineering topic, in the following manner: abstracting, 
translating, bibliographing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, etc. 

An abstract of the annual report of the Engineering Societies Library 
covering the calendar year 1920, was publisxied in the March 1921 

JOURNAL. 


Enpneermg Foundation.—Engineering Foundation is a trust fund 
established in 1914 by Ambrose Swasey, of Cleveland, Ohio, by gifts 
to United Engineering Society as a nucleus of a large endowment ‘^for 
tfie furtherance of research in science and in engineering, or for the 

thPaZTT “ profession of engineering and 

^ mankind It is_administered by the Engineering Pounda- 

oar rrpon which the Instituteand othernational engineeringsocieties 
sl'ieT “ ‘ o' EnSSng 

*■“ Es”f““" 

Engineering Standards Commi-f-to a Committees of American 
i s published frequently in the JourLl. ^epresentatiyes 

W.Tp. Sio^^d^B 

paratus and Prime Moyers” was presenterto°M'^"p^ Electrical Ap- 
priate ceremonies at the An-nnai A/t +• r Emmet with appro- 

Yorkon May 21 , 1920. Institute held in New 

The Edison Medal for lQ9n Ttroc j -i 
;For Work in Mathematicaf^^^^^^^ E P«Pm 

Transmission of Intelligence” Ih ^ * Application to Electrical 
.hd, dosing sodioUT i 1“'“““ *».! pUco 

New ork, February 18 , 1921. o^vention of the Institute, 

d Bo.,d of A,„d, which 

;yt 2 dfegation of engineers represenW Planned 

P ementationm London during the month June 



•I 
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Finance Committee.—During the year the committee has held monthly 
meetings, has passed upon the expenditures of the Institute for various 
purposes, and otherwise performed the duties prescribed for it in the Con¬ 
stitution and By-laws. 

Haskins and Sells, certified public accountants, have audited the books, 
and their report follows: 


MEW YORK 
CHICAGO 

ehiuadelphia 

DETROIT • 
CLEVELAND 
SA.INT LOUIS 
BOSTON 
BALTIMORE 
I=*IT-TSBURGH 
SAM FRANCISCO 
i-.OS ANGELES 

buffalo 

CIMCINNATI 
MEW ORLEANS 


HASKINS & SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 
CABLE ADDRESS“hASKSELLS” 

30 BROAD STREET 

NEW YORK 


KANSAS CITY 

SEATTLE 

PORTLAND 

DENVER 

ATLANTA 

DALLAS 

SALT LAKE CITY 

TULSA 

WATERTOWN 


LONDON 

PARIS 

HAVANA 

SHANGHAI 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
‘ CERTIFICATE OF AUDIT 

We have audited the books and accounts of the American Institute of 
Electrical Engineers for the year ended April 30, 1921, and 

We Hereby Certify that the accompanying General Balance Sheet 
properly exhibits the financial condition of the Institute at April 30, 1921, 
that the Summary of Income and Profit & Loss for the year ended that 
date is correct, and that the books of the Institute are in agreement 
therewith. 

HASKINS & SELLS, 


New York, 
May 14, 1921. 



Certified Public Accountants. 
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AMERICAN INSTITUTE OF 

Exhibit A. General Balance Sheet, 

Assets 

Real Estate: 

One-fourth Interest in United Engineering Society's Real Estate, 

25 to 33 West 39th Street: 

Land and Building. $472,500.00 

Real Estate Equipment. 14,292.79 

Total Real Estate. ^486,792.79 

Equipment: 

Library—Volumes and Fixtures. $ 40,204.99 

Works of Art, Paintings, etc.. 3,001.35 

Office Furniture and Fixtures. 13,853.36 

^ Total. ^57,059.70 

Less Reserve for Depreciation. 9,470.07 

Remainder—Equipment. 47 539 g3 

Investments: 

City Wilmington, Delaware, 4K% bonds, 1934, Par Value 

$15,000.00 (Pledged as Collateral to Loan Payable). $ 15,677.77 

United States Third Liberty Loan 4^% bonds. lo.’oooioo 

Total Investments. ............. ok t '7 

Working Assets: . -^5,677.77 

Publications entitled "Transactions,” etc. | 12 906.50 

Te.tt and Cover Paper... . 

Paper for Volume 39.2,000.00 

. 2,238.61 

Total Working Assets. i7 aoo 

Current Assets: . 17,623.74 

Cash. 

Notes Receivable—Advertisers. 

Accounts Receivable: . 

Members—for Dues. . 1 n 1 at 71 

Advertisers.... . 10,167.71 

Miscellaneous .v.';...* 

Accrued Interest on Investments!'! . 

Accrued Interest on Bank Balances.. m.lO 

T''>tal Current Assets.. - 

Funds: .*.. ♦ • • 20,826.35 

Life Membership Fund: 

Cash. 

Railroad Com*pany 

AcJS’iSif-. 


$ 4,939.25 
530.00 


17,623.74 


Accrued Interest.* 

Internationa! Electrical Congress of ” 
Library Fund: 

Cash. 


^'72,mw 

^ 

Accrued Interest..... .*.*.*/...*' 878.75 

Mailloux Fund; .. — 

Cash. 

New York Te1pn>,n«a» *n.... 231.60 

Par Value ^ ^ Company Bond. 4K%. 1939, 

Accrued Interest...... 1 . ^ ^0 

Midwinter Gonventi’o'n ’pund-’cas'h.’.'.!!!!!!".!!";" 

Total Funds.... . 

Total.... . 

Noxk: Ko provision has be™ made' to depredato;;'! real estate. 


1,254.10 

462.26 


11,650.49 

1610,160.77 
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ELECTRICAL ENGINEERS. 

April 30, 1921. 

Liabilities 

Current Liabilities: 

Accounts Payable—Subject to Approval by the Finance Com- 

... I 12,132.18 

Loan Payable and Accrued Interest. 10,155.00 

Due to United Engineering Society on Account of Building 

Addition, Including Accrued Interest. . 5,084.40 

Dues Received in Advance. 4,423.93 

Entrance Fees and Dues Advanced by Applicants for Member- 

. 473.21 


Total Current Liabilities. $ 32,268.72 

Fund Reserves: 

Life Membership Fund... $6,340.75 

International Electrical Congress of St. Louis Library Fund. 3,593.38 

Mailloux Fund. 1,254.10 

Midwinter Convention Fund. 462.26 


Total Fund Reserves. 11,650.49 

Surplus: Per Exhibit "B”. .. 566,241.56 


Total......... *. $610,160.77 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Summary of Income and Profit and Loss 
For the Year Ended . April 30 , 1921 . 


Exhibit B. 


Revenue: 


Entrance Fees... 


$ 12,768.00 

Students’ Dues... 


*137,147.71 

Transfer Fees. 


9,207.00 

2,575.00 

Subscriptions.... 


56,545.62 

Sales of "Transactions.” etc.. 

Badges Sold 


6,595.08 

4.356.69 

Less Cost_ 


Interest on Investments 


583.59 



Interest on Bank Balances. 


1,100.00 

Interest on Notes Receivable 


770.93 

12.35 


Total. .. 

. J231.661.97 

Expenses: 

Publications: 


Journal. 

Transactions 
Year Book... 


$88,787.34 

34,339.05 

7,416.88 $130,543.27 


Meetings.. 

Administrative Expenses. . 

Sections Committee.' *. 

Law Committee. . • •.. 

Membership Committee. . 

Standards Committee.. . 

Finance Committee... 

Code Committee. ... 

Committee on Institute Deveiopme’nt.'.!.'. 

International Electrotechnical Commission. 

Honorary Secretary. 

American Engineering Standards Committee.'.'.. 

John Fntz Medal Award....... . 

Engineering Societies Employment Bureau.. 

■^Qgineermg Council. . 

Engineering Societies Library *:. 

Maintenance. 

Recataloging . ^ 4,500.00 

.*. 2,499.96 


9.804.62 

41,496.39 

20,563.89 

196.50 

4.306.17 

1,054.52 

150.00 

60.00 

1,122.54 

263.20 

206.49 

303.15 

4,000.00 

1,500.00 

145.44 

2,000.00 

3,333.28 


6.999,96 


Forward 


1228,049.42 $231,661.97 


♦Includes *56,725.00, applicable 


to subscriptions to the Journal. 
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Total Revenue —Forward). , $231,66197 

Expenses —(Forward). $228,049.42 

United Engineering Society, Assessment... 5,080.00 

Federated American Engineering Society. 9,000.00 

Interest on Loan Payable. *155.00 

Headquarters Committee. 47.18 

Amortization of Premium on City of Wilmington Bonds. 52.14 


. $242,383.74 

Less Decrease in Accounts Payable for Expenses Undistributed.. 452.67 


Remainder—Expenses. 241 931.07 


Net Loss... ^ 10,269.10 

Other Profit & Loss Charges: 

Uncollectible Dues Written off... .... $ 3,221.50 

Office Furniture and Fixtures discarded. 401.52 


... 3,623.02 


Gross Deficit... $13,892.12 

Profit and Loss Credit—Adjustment of Inventory of 
Library Volumes AND Fixtures, April 30, 1920... 50.44 


Deficit for the Year. . ^ 13,841.68 

Surplus, May 1, 1920. 580,083.24 


Surplus, April 30, 1921. $566,241.56 


Note: No provision has been made for depreciation of real estate. 
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AMERICAN INSTITUTE OP ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements for Designated 
Purposes, for the Year Ended April 30 , 1921 . 

Exhibit C. 

Receipts: 

Life Membership Fund. 

Mailloux Fund—Interest..*.*.*.*.*.*!.*.*. 136.55 

Midwinter Convention Fund .*. 

. 339.16 

Total. . 

. 1778.79 

DiSBURSEMENTS: -- 

Life Membership Fund. . 

. ^258.08 

receipts and disbursements per member. 

During each fiscal year for the past eight years. 

Year ending April 30. 1914 iqik iofi> -a-- 

Membership, April 30, each 1921 

. 8212 8710 9282 102S2 1134 5 13215 

Disbursements per Member ^llfs ^U.'m ”L ’92 "I'br on 

Credit Balance per Member 51.22 $ 52 *1 19 « Tk -- 

♦Deficit. ‘ * -12 5 .55 51.18 $ .26 *5 .61 *51.03 


Respectfully submitted for the Board of Directors, 

HUTCHINSON, Secretary. 

New York. May 20, 1921. 
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STANDARDS OF THE A, J. E. E. 


PREFACE TO 1921 EDITION 


PURPOSE OF THE STANDARDS OF THE AMERICAN 
INSTITUTE OF ELECTRICAL ENGINEERS 

In framing these standards the chief purpose has been to define 
the terms and conditions which characterize the rating and 
behavior of electrical apparatus, with special reference to the 
conditions of acceptance tests, % 

It has not been the purpose of the standards to standardize the 
dimensions or details of construction of any apparatus, lest the 
progress of design should be hampered 

NOTE 

The Standards Committee takes this occasion to draw the attention 
of the membership to the value of suggestions based upon experience 
gained in the application of the Standards to general practise. 

Any suggestions looking toward improvement in the Standards should 
be communicated to the Secretary of the Institute for the guidance of 
the Standards Committee in the preparation of future editions. 
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DEVELOPMENT OF THE STANDARDS 
OF THE 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

The A. I. E. E. recognized at an early date in the development of elec¬ 
trical engineering the importance of standardization of electrical apparatus 
and at a meeting of its members in January, 1898, there was an 
important discussion on the “The Standardization of Generators, Motors, 
and Transformers." This resulted in the appointment of a Committee on 
Standardization, consisting of seven members representing qualifications 
and experience from designing, manufacturing, and operating standpoints. 
The report of this Committee on standardization was presented and ac¬ 
cepted at a meeting of the Institute in June, 1899, and the rules embodied 
became the authoritative basis of American practice. 

Experience gained in applications of the Standardization rules and further 
developments in electrical apparatus and methods showed the necessity 
of revision, and a committee was appointed which after consultation with 
manufacturing and operating engineers presented the first revised report 
oil Standardization Rules of the A. I. E. E. in June, 1902. 

The next revision was undertaken by a committee of ten, which pre¬ 
sented its report in May, 1906. 

In September, 1906, a Standards Committee of eleven members was 
appointed for further revision, and its report was presented in June, 1907. 

The appreciation of the importance and value of standardization 
resulted in the formation of a Standing Committee, with the title of Stand¬ 
ards Committee of the A. I. E. E. This became effective in the Constitu¬ 
tion of June, 1907. The scope and amount of work has necessitated 
increasing the number of members from time to time to the present 
membership of 37, within which are a number of sub-committees special¬ 
izing on various subjects. 

The Standards Committee is appointed each year by the President of 
the Institute and the practise has been to reappoint a number of the pre¬ 
vious committee, so that it is practically a continuous operating body. 

The present Standards of the A. I. E. E. are therefore the result of over 
twenty-one years of work on standardization by the Institute, conducted 
by members actively engaged in the design, manufacture, operation, and 
specifying of electrical apparatus. These men have freely contributed 
their time and knowledge, and have conducted much experimental work 
for the purpose. The Standards record the best American practise and 
experience. 
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SCOPE OF THE 1921 REVISION 

This edition of the Standards has been coxnpletely revised in 
form. ^ This was considered necessary in view both of certain 
intrinsic defects in the original form, and the increase in com¬ 
plexity due to this form not being adapted to receive the addi¬ 
tions which are made from year to year. Furthermore several 
changes in substance have been made and a few sections added. 
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OTHER APPROVED STANDARDS 

The following resolution, adopted by the Standards Committee, 
was approved by the Board of Directors on April 14, 1916: 

"'The Standards Committee, with the approval of the Board of Direc¬ 
tors, recommends the use of the following rules and standards as adopted 
by other societies. These have been formally presented to the Standards 
Committee by the societies concerned and are found not to be incompatible 
with the Standards of the American Institute of Electrical Engineers.” 


Standardization of Service Requirements for Motors, as printed 
in the 1915 report of the National Electric Light Association. 

Standardization of Sizes, Voltages and Taps for Transformers, as 
printed in the 1916 report of the Electrical Apparatus Committee of 
the National Electrical Light Association. 

Standard Specifications for Magnetic Tests of Iron and Steel, of the 
American Society for Testing Materials. 

Report of the Joint Rubber Insulation Committee, published in the 
April, 1917, Proceedings of the American Institute of Electrical Eugi- 
neers. - 

Accuracy Specifications in Sections IV and V of the Joint Meter Code 
of the Association of Edison Illuminating Companies and of the National ■ 
Electric Light Association. 

Accuracy Specifications in Section II of Circular 56 of the Bureau 
of Standards entitled Standards for Electric Service. 

Report of the Boiler Code Committee of the American Society of 
Mechanical Engineers. 

Suggested Safety Rules for Installing and Using Electrical Equipment 
in Bituminous Coal Mines, issued as Technical Paper 138 by the Bureau 
of Mines. 
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COOPERATING SOCIETIES 

The following societies directly and through the committees named, 
have given helpful cooperation in the preparation of these Rules: 

American Society for Testing Materials, 

Committee B-1. 

Association of Edison Illuminating Companies, 

Committee on Meters. 

Illuminating Engineering Society, 

Committee on Nomenclature and Standards. 

Electric Power Club. 

Committee on Engineering Recommendations; Standardization Committee, 

National Electric Light Association 
Committee on Meters. 

Committee on Apparatus. 

Association of Railway Electrical Engineers 
Committee on Wires and Cables. 

American Electric Railway Engineering Association, 

Committees on Equipment and Distribution. 

Institute of Radio Engineers, 

Committee on Standardization. 

Society of Automotive Engineers, 

Standards Committee. 


Railway Signal Association. 



TABLE OF CONTENTS 


Preface Page 

Purpose of the Standards of the A. I. E. E. 1560 

Development of the Standards of the A. I. E. E.. 1561 

Scope of the 1921 Revision.. 1562 

Other Approved Standards. 1563 

Cooperating Societies.. 1564 


CHAPTER I 

General Principles Upon Which the A. I. E. E, Standards 

are Based. 


Heating. 1571 

Mechanical and Commutation Limitation. 1576 

Waveshape.^. 1576 

Dielectric Strength and Insulation Resistance. 1577 

Efficiency. 1577 

Rating. 1578 


CHAPTER II 


General Rules. 


Operation... 

Temperature Limits..... 

Rating.. 

General.. • • • 

Ambient Temperature of Reference and Altitude Correction. 

Kinds of Rating.;.. 

Rating by Temperature Rise.... .. 

Tests.. 

Ambient Temperature.. 

Machine Temperatures. 

Details of Testing Methods. 

Efficiency... 

Wave Shape.. .. 

Tests of Dielectric Strength.... 

Insulation Resistance... 

Regulation... • . 

Construction.... 

Rating Plates... 


1579 

1579 

1580 
1580 
1580 

1580 

1581 
1584 
1584 

1584 

1585 

1586 

1587 
1587 

1593 

1594 
1594 
1594 


CHAPTER III 
General Definitions 


Definitions.... 

General. 

Resistivity. 

Apparatus. 

Kinds of Currents.. 

Alternating Currents. 

Circuits and Phases.. 

Loads.. 

Machinery and Apparatus. 
Symbols and Abbreviations 
Bibliography. 


1595 

1595 

1595 

1595 

1595 

1596 
1599 
1599 
1601 
1602 
1603 


1565 















































1566 


STANDARDS OF THE A. 1. E, E. 


CHAPTER IV 

Standards for Rotating Machines, 

(Other Than Railway Motors, Railway Substation Machinery 
Carrying Traction Loads, and Automobile Propulsion Machines.) 

Definitions. 

General..* 

Functional Classification of Rotating Electric Machines.... 
Constructional Classification of Rotating Electric Machines.. 

Speed Classification of Motors. 

Classification of Rotating Electric Machines Relative to Their 

Degree of Enclosure.. 

Classification of Alternating Current Commutator Motors. .. 

Classification by Phases of Energy ‘Supply. 

“ “ Speed Characteristics. 

“ " Excitation. / [ 

I “ Neutralization and Compensation. 

" Energy Reception. 

Miscellaneous Definitions.. 

Operation... 

Temperature Limits. .. 

Rating... .!.!.!.! . 

Units in which Rating Shall be Expressed. ;'.’. ’. *..'!.’.' 

^ Limitations Other Than Temperature Rise 

Tests. . 

Ambient Temperature. 

Machine Temperatures.. 

Efficiency. .. 

Wave Shape... 

Tests of Dielectric Strength. . i 

Regulation. .. 

Bibliography... ‘ ‘ | 

CHAPTER V 

Standards For Electric Railways and For Automobile Propulsion 
Machines. 

Definitions. 

General.!. !. .. ^ 

Contact Rails. .. . 

Trolley Wires.'.. 

Operation. . 1 ( 

Temperature limits ... 

Rating. If 

Efficiency. 16 

Curves of Railway Motors. 

cfnsi^uctiL Specified Service; It 

Bibliography. 16 

.. 16: 

CHAPTER VI 

Apparatus. 16J 

Parts of Apparatus. . 16? 

Properties of Apparatus.. *.. • • • 163 



































TABLE OF CONTENTS 


1567 


Rating. 1637 

General. 1637 

Ambient Temperature of Reference. 1638 

Altitude Correction... 1638 

Units in which Rating Shall be Expressed. 1638 

Kinds of Rating. 1638 

Rating by Temperature Rise. 1638 

Tests. 1638 

Ambient Temperature. 1638 

Transformer Temperatures. 1639 

Efficiency. 1642 

Wave Shape. 1642 

Tests of Dielectric Strength. 1642 

Regulation. 1644 

Construction. 1645 

Rating Plates.'.. 1645 

Transformer Connections.. 1645 

General. 1645 

Single-Phase Transformers. 1646 

Three-Phase Transformers.. 1648 

Three-Phase to Six-Phase Transformers. 1649 

Bibliography. 1650 

CHAPTER VII 

Standards For Switching, Control and Protective Apparatus. 

Definitions. 1652 

Devices. 1652 

Characteristics of Devices. 1654 

Parts of Devices. 1655 

Properties of Devices. 1655 

Operation. 1655 

Temperature Limits. 1655 

Rating. 1656 

Expression of Rating. 1656 

Tests. 1656 

Heat Tests. 1656 

Tests of Dielectric Strength... 1656 

Tests of Lightning Arresters..... .. ... 1657 

Bibliography. 1657 

CHAPTER VIII 

Standards for Meters, Instruments and Instrument Transformers. 

Definitions. 1658 

Operation... 1659 

Rating. 1660 

Tests. 1660 

Specification of Characteristics... 1661 

Bibliography. 1661 

CHAPTER IX 

Standards for Wires and Cables. 

Definitions.. .. 1662 

Annealed Copper Standard...^... 1664 

Operation,. 1665 

Temperature Limits... 1665 

Designation. 1665 

















































1568 


STANDARDS OF THE A. I. E. E, 


Tests. 

General.... *. 

Tests of Dielectric Strength. 

Insulation Resistance. 

Capacitance or Electrostatic Capacity 

Construction. 

Stranding. 

Bibliography... 


1666 

1666 

1666 

1668 

1669 

1671 

1671 

1673 


CHAPTER X 

Standards for Storage Batteries. 


Text not Adopted. 


CHAPTER XI 
Standards for Illumination. 


General. 

Surfaces and Media Modifying Luminous Flux. 

Illumination. 

Illuminants. .. V.*.*.' 

Lamp Accessories. 

Photometry.*. V. .. 


1676 

1678 

1679 

1680 
1680 
1680 


CHAPTER XII 

Standards for Telephony and Telegraphy. 

Definitions. 

Line Circuits. '.V.. V. V. . 

Circuit Constants and Characteristics. . 

Exuivalent Circuits.. .. . .. 

Telephony. ..' ’ [.* ' 

Telegraphy... 


General. 


CHAPTER XIII 

Standards for Radio Communication. 


1683 

1683 

1685 

1686 
1687 
1693 


1696 


CHAPTER XIV 

Standards for Prime Movers and Generator Units. 

General.. 

Bibliography...! *. 

CHAPTER XV 

Standards for Transmission Lines and Distribution Lines 
General. 

CHAPTER XVI 
Miscellaneous Standards. 


1700 

1701 


1702 


Heating Devices 


1703 




























TABLE OF CONTENTS 1569 

LIST OF TABLES 

Table Page 

100 Methods of Temperature Measurement. 1572 

101 Conventional Allowance for Method III. 1573 

102 Classification of Insulating Materials. 1573 

103 Limiting Observable Temperatures. 1574 

104 Limiting Observable Temperature Rises. 1575 

200 Limiting Observable Temperature Rises.•. .. 1582 

201 Temperature Coefficients of Copper Resistance. 1586 

202 Needle-Gap Spark-Over Voltages. 1590 

203 Spherometer Specifications... 1591 

‘ 204 Sphere-Gap Spark-Over Voltages. 1592 

205 Air Density Correction Factors for Sphere Gaps. 1593 

206 Insulation Resistance of Machines Excluding Oil-Immersed 

Apparatus. 1593 

301 Symbols and Abbreviations.,• • • • 1602 

401 Classification of Losses in Machinery.. 1615 

402 Losses in Electric Machines. 1616 

403 Brush Contact Drop. 1618 

501 Temperatures of Railway Motors in Continuous Service.... 1627 

502 Stand Test Temperature Rises of Railway Motors. 1628 

503 Losses in Axle Bearings and Single-Reduction Gearing of 

Railway Motors. 1630 

504 Core Loss in D. C. Railway Motors at Various Loads. 1631 

505 Approximate Losses in D. C. Railway Motors. 1631 

601—Limiting Observable Temperatures and Temperature Rises 

for Transformers Using Class A Insulation. 1637 

901 High Voltage Tests for Rubber Insulated Wires and Cables.. 1667 

902 High Voltage Tests for Varnished Cambric or Impregnated 

Paper Insulated Cables.. 1668 

903 Proposed Standard Cables. 1670 

904 Standard Stranding of Concentric-Lay Cables. 1671 

905 Stranding of Flexible Cables. 1672 

906 Thickness of Insulation, 30 to 40 per cent Hevea Rubber 

Compound.. 1673 

1100 Photometric Units and Abbreviations. 1681 

I. E. C. RULES FOR ELECTRICAL MACHINERY. 































STANDARDS 


OF THE 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

CHAPTER I 

GENERAL PRINCIPLES UPON WHICH THE A. I. E. E. 
STANDARDS ARE BASED 

(All temperatiwes in this and the following chapters are given 
in centigrade degrees.) 

HEATING 

1000 General Principles.—The General Principles by reference to 
which the ratings of electrical machines are fixed, so far as their 
heating is concerned, admit that the life of insulating materials 
depends upon the temperatures to which these materials are sub¬ 
jected. Taking, as a basis, the results of experience with machinery 
in practical service and the results of laboratory tests of various 
insulating materials, limiting '‘hottest-spot’V, temperatures have 
been established for various classes of insulation for purposes of 
standardization. Limiting “observable” temperatures are de¬ 
duced from these limiting “hottest-spot” temperatures by sub¬ 
tracting therefrom a specified number of degrees which, for purposes 
of standardization represents the margin fixed between the limiting 
hottest spot and the limiting observable temperatures. 

This margin may be designated as the ‘^conventional allowanced 

1001 Methods of Temperature Measurement. —There are three funda¬ 
mental methods of temperature measurement, namely: 

1. The Thermometer Method. 

2. The Resistance Method, and, 

3. The Embedded-Detector Method. 

The General Principles stated in Section 1000 permit of the use of 
whichever method is best suited to the class of machine, or part 
thereof, to be tested, by introducing appropriate values for the 
limiting observable temperature by each method. All the values 
of the observable temperatures are based upon the “hottest-spot” 
\im\tdiXion for purposes of ' standardization ioT the class of 

insulation employed. 

1002 Methods of Temperature Measurement Defined. —These three 
fundamental methods of making temperature measurements are 
designated Methods 1, 2 g-nd 3, and are defined as follows: 

1571 
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TABLE 100 

Methods of Temperature Measurement 


Method 

Description of Method 

1. 

Thermometer Method. 

This method consists in the measurement of the tempera¬ 
ture, by mercury or alcohol thermometers, by resistance 
thermometers, or by thermocouples, any of these 
instruments being applied to the hottest accessible 
part of the completed machine. This method does 
not include the use of thermocouples or resistance 
coils embedded in the machine as described under 
Method No. 3. 

2. 

Resistance Method. 

This method consists in the measurement of the tempera¬ 
ture of windings by their increase in resistance. In the 
application of this method, thermometer measurements 
shall also he made whenever practicable without dis- 
assemhling the machine,^ in order to increase the prob¬ 
ability of obtaining the highest observable temperature 
The measurement indicating the higher temperature 
shall be taken as the "observable” temperature. 

3. 

Embedded Temperature-Detector Method. 

This method consists in the measurement of the tempera¬ 
ture by thermocouple or resistance temperature 
detectors, located as nearly as possible at the estimated 
hottest spot. When Method No. 3 is used, it shall 
when required be checked by Method No. 2. The 
highest observable temperature obtained from the 
readings of the embedded detectors shall not exceed the 
values permitted by the Rules for Method 3, and the 
highest observable temperature obtained by Method 2 
shall not exceed the values permitted by the Rules for 
Method 2. 


in TT .r : in which the thermom. 

m Method II, the rotor of a turbo alternator may be cited. 


1003 


Conventional Allowances for the Three Methods of Temnerature 
Measurement—The specified differences by which the "o'bse^rvable” 

beTw^Tan tte tf'f''' f ^K^ndariization, be assumed to 
ri ■ * j hottest spot temperatures, (which mav be 

designated the ‘Conventional Allowances”), are £ ^ 


Method 1. 
2 . 
3. 


as follows: 

.15"C 
.10°C 

. (See following table). 
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TABLE 101 


Conventional Allowance for Method 3 


Method 3. 


For windings with two coil-sides per 
slot with detectors between top and 
bottom coil-sides (and between coil- 
sides and core). 

5°C 

For windings with one coil-side per 
slot for 5000 volts or less, with detect¬ 
ors between coil-side and core and 
between coil-side and wedge. 

10“C 

For windings with one coil-side per 
slot for more than 5000 volts, with 
detectors between coil-side and core 
and between coil-side and wedge. 

10°C plus l°Cfor every kv. of 
terminal pressure of the 
machine above 5 kv. 


1004 Classification of Insulating Materials.—The insulations employed 
in Electrical Machinery are subdivided into three main classes 
designated A, B and C and defined as follows: 


TABLE 102 


Classification of Insulating Materials 


Class 

Description of Material. 

A. 

Cotton, silk, paper and similar materials when so treated 
or impregnated as to increase the thermal limit, or 
when permanently immersed in oil; also enamelled wire. 

When these materials are not treated, impregnated, or 
immersed in oil, they are not included in Class A. 

B. 

Mica, asbestos and other materials capable of resisting 
high temperatures, in which any Class A material or 

I binder is used for structural purposes only, and may be 
destroyed without impairing the insulation or mechani¬ 
cal qualities of the insulation. (The word “impair" 
is used in the sense of causing any change which could 
disqualify the insulation for continuous service.) 

C. 

Materials capable of resisting higher temperatures than 
Class B, such as pure mica, porcelain, quartz, etc. 
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1006* Limiting “Hottest Spot” Temperatures.—The limiting “hottest 
spot” temperatures are, for purposes of standardization^ taken at 
the following values: 

For Class A material.105°C (See Note 1) 

For Class B material.125°C (See Note 2) 

For Class C material.no limit yet specified. 

If different insulating materials are used on various parts of one 
winding (for instance in the slot and for the end windings) the temper¬ 
ature of each material shall not exceed the limit set for that material. 

When insulation consists of layers of materials having different 
temperature-limits (for instance high-temperature limit material 
adjacent to the copper and lower-temperature limit material adjacent 
to the iron or to the air) the temperature of each material shall not 
exceed the limit set for that material. 

1006 Limiting Observable Temperatures.—The limiting observable 
temperatures for use with methods 1, 2 and 3, are arrived at by 
subtracting the "conventional allowances” from the limiting 
"hottest-spot” temperatures for insulating materials. They are 
set forth as follows: 

TABLE 103 
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1007 Limiting Observable Temperature of Oil.-The oil in which 
apparatus IS permanently immersed, shall, in no part, have a temp- 
eratme, observable by thermometer, in excess of 90°C. 

1008 Standard Ambient Temperatures of Reference- 
values are adopted for the standard ambient 
reference: 


-The following 
temperatures of 


For Air.... 
For Water. 


. 40^0 

.25°C 


These values for the standard ambient temperatures of reference 

apply to all conditions where the actual ambient temperature does 
not exceed them. 

The limiting observable temperature rise must not be increased 
evem when the ambient temperature is lower than the standard 
ambient temperature of reference. 

1009 Limiting Observable Temperature Rises.-The limiting observ- 
able temperature rises in the following table 104 are obtained by 
the standard ambient temperatures of reference given 
observable temperatures given in Table 
. The limiting observable temperature rises to be used in prac- 
tise are given later in the Rules. They are in some cases grkter 
and in other cases smaller than those given in Table 104. See §1010. 


TABLE 104 

Limiting Observable Temperature Rises 




Air Cooled j 



Class A 

Class B* 

Method 1 


60®C 

70®C 

Method 2 


65°C 

76®C 

Method 3 

For windings with 
coil-sides per slot, 
with detectors be¬ 
tween top and bottom 
coil-sides and between 
coil-sides and core. 

60 ®C 

. 

80®C 


For windings with one 
coil-side per slot with 
detectors between coil- 
side and core and be¬ 
tween coil-side and 
wedge. 

65°C 

( minus 1 
degree for 
every 1000 
volts of 

t e rm ina 1 
pressure of 
f the mach¬ 
ine above 
5000 volts). 

75‘’C 

( minus 1 
degree for 
every 1000 
volts of 

te rm in a 1 
pressure of 
the mach¬ 
ine above 

5000 volts). 


♦See also Note 2, Section 1005 
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1010 General Comments on Special and Specific Cases. —In the fore¬ 
going it has been assumed for the purpose of presenting a compre¬ 
hensive, logical and consistent plan, that the Rules actually used in 
the industry are exactly in accord with the General Principles. 
Practical experience indicates the necessity of establishing definite 
Rules to cover Special as well as Specific Cases. These Cases are 
set forth in later chapters. Any case not specifically dealt with 
may come under the General Principles. 

1011 Comments on the Method of Measurement to be Employed. —In 

the absence of definite Rules, the manufacturer may, on the occasion 
of the acceptance test, use any of the three methods for the temper¬ 
ature measurements. In most cases, however, restrictions on the 
choice of method are imposed. These are set forth in the Rules. 

1012 Comments on Temperature Limits in Special Cases. —Tempera¬ 
ture limits are prescribed in the Rules for special cases where con¬ 
ditions determined by practice, by experience, or by agreements, 
require departures (often arbitrary) from the limits of temperature 
rise corresponding to the General Principles. 

1013 Hottest Spot Temperature the Primary Point of Reference. —The 
hottest spot temperature is the primary point of reference, of 
the “bench-mark” used as the basis for the foregoing scheme or 
temperature delimitation. It is not employed in commercial trans¬ 
actions or in the ordinary course of testing or operation of electrical 
machinery. 

1014 Observable Temperature Rise the Working Standard. —The 
observable temperature rise is the working standard. A summary 
of working data with explanatory notes, will be found in Table 200. 

1016 Duration of Temperature Test and Correction to Time of Shut 
Down. —Whatever method of temperature measurement be em¬ 
ployed, it is required that 

(a) operation shall be continued until constant teinperatures 
are determined if the machine has a continuous rating, or for the 
full period if the machine has a short time rating, and 

(b) when measurements cannot be made while the machine is 
loaded, appropriate corrections to raise the temperature readings 
to the time of shut down shall be applied. See Chap. II. 

MECHANICAL AND COMMUTATION LIMITATIONS. 

These limitations are set forth in subsequent Chapters dealing 
with specific kinds of machines. 

WAVE SHAPE. 

1200 The sine wave shall be considered as standard except where the 
departure therefrom is inherent in the operation of the system of 
which the machine forms a part. 
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DIELECTRIC STRENGTH AND INSULATION RESISTANCE. 

(See §§2350 to 2380 incl.) 

1300 ^^The injury produced by dielectric stress applied to insulation 
is related to the time during which the stress is applied. A stress 
up to a certain limit may be applied for an indefinite period without 
injury to the insulation. A somewhat greater stress will cause 
heating of the insulation and a progressive deterioration, eventually 
resulting in breakdown. Higher values of stress cause more rapid 
deterioration and a quicker breakdown. -It is customary to de¬ 
termine whether machinery will withstand the voltage stresses met 
in practice by a preliminary test for a definite period of time at a 
voltage considerably higher than the normal voltage to which the 
machinery is to be subjected, but not high enough to produce injury 
to the insulation during the period of test. 

1301 The test voltage which shall be applied to determine the suitability 
of insulation for commercial operation is dependent upon the kind 
and size of the machine, and its operating voltage, upon the nature 
of the service in which it is to be used, and upon the severity of the 
mechanical and electrical stresses to which it may be subjected. 
The voltages and other conditions of test which are recommended 
have been determined as reasonable and proper for the great majority 
of cases, and are proposed for general adoption, except when specific 
reasons make a modification desirable. 

1400 The insulation resistance of machinery is of doubtful significance 
as cornpared with the dielectric strength. It is subject to wide 
variation with temperature, humidity and cleanliness of the parts. 
When the insulation resistance falls below prescribed values it 
can, in most cases of good design and where no defect exists, be 
brought up to the required standard by cleaning and drying the 
machine. The insulation resistance therefore may afford a useful 
indication as to whether the machine is in suitable condition for 
application of the dielectric test. 

EFFICIENCY 
(See §§2331 to 2333 incl.) 

1600 The conditions under which efficiency is determined are those 
normal to the operation of the machine. These include voltage, 
current, power factor, frequency, wave shape, speed, temperature^ 
or such of them as may apply in each particular case. 

1601 The efficiency at all loads of all apparatus shall be' corrected to a 
reference temperature of 75°C. 

1602 In the case of machinery, two efficiencies are recognized, con¬ 
ventional efficiency (§3624) and directly measured efficiency. Unless 
otherwise specified, the conventional efficiency is to be employed. 
When the efficiency of a machine is stated without specific reference 
to the load conditions rated load is always to be understood, 
whether the efficiency be the conventional or directly measured 
efficiency. 
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RATING 

(See §§2202 to 2232 incl.) 

1600 Principle of Machine Rating.— (a)Rating by Temperature Rise: 
The principle upon which machine rating is based, so far as relates 
to thermal characteristics, has been stated in earlier sections. 

(b) Rating by Limitations Other Than Temperature Rise: In 
some machines, the rating is limited by other than thermal considera¬ 
tions, In such cases, the principle upon which machine rating is 
based is that the rated load applied continuously or for a stated 
period, shall not cause the various limitations specified in later 
chapters; e. g., §§4250-4252 inclusive, to be exceeded. The rating 
shall be based upon the capacity as limited by heating unless the 
capacity as limited by other characteristics, is less. 
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CHAPTER II. 

GENERAL RULES 

The expressions “machinery'’ and “machines" are here employed 
in a general sense, in order to obviate the constant repetition of the 
words “machinery or induction apparatus." 

To ensure satisfactory results, electrical machinery should be 
specified to conform to the Institute Standards, in order that it 
shall comply in operation, with approved limitations in the following 
respects, so far as they are applicable. 

Operating temperature 
Mechanical strength 
Commutation 
Dielectric strength 
Insulation resistance 
Efficiency 
Power factor 
Wave shape 
Regulation 

OPERATION 
Temperature Limits 

2104 Permissible Temperatures with Insulations of More Than One 
Class, (a) If different insulating materials are used on various 
parts of one winding (for instance in the slot and for the end windings) 
the temperature of each material shall not exceed the limit set for 
that material. 

(b) When insulation consists of layers of materials having different 
temperature limits (for instance high-temperature-limit material 
adjacent to the copper and lower-temperature-limit material ad¬ 
jacent to the iron or to the air) the temperature of each material 
shall not exceed the limit set for that material. 

21 Temperatures of Metallic Parts of Machines.—(a) Parts 
Adjacep^t to Insulating Material: Metallic parts of machines in con¬ 
tact with or adjacent to any kind of insulation, shall not attain a 
temperature in excess of that allowed for the adjacent insulation. 

{b) Parts not Adjacent to Insulating Material: All parts of ma¬ 
chines other than those covered'by §2116 (a) may be operated at 
such temperatures as shall not be injurious in any other respect. 

2120. Protection against Short Circuit.—The Institute recognizes the 
self-destructibility, both mechanical and thermal, of certain sizes and 
types of machines, when subjected to severe short-circuits, and 
recommends that ample protection be provided in such cases, external 
to the machine if necessary. 
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RATING 

General 

2202 Expression of Rating.—Except where otherwise specified the 
machines shall be rated in terms of their available output. For 
exceptions see §§4223, 6203, 6204 and 6223. 

2204 Institute Rating.—The Institute Rating of a machine shall be 

its rating when operating with a cooling medium of the ambient 
temperature of reference specified in §§2211 and 2212 and with 
barometric conditions within the range given in §2216. See 
§§2300, 2310, 2311, 4110 and 4300. 

Ambient Temperature of Reference and Altitude Correction 

2211 Ambient Temperature of Reference for Air.—The standard am¬ 
bient temperature of reference, when the cooling medium is air, shall 
be 40°C. 

2212 Ambient Temperature of Reference for Water-Cooled Ma¬ 
chinery.—For water-cooled machinery, the standard temperature of 
reference for incoming cooling water shall be 25° C, measured at 
the intake of the machine. 

2213 Machines Cooled by Other Means.—Machines cooled by means 
other than air or water shall receive special consideration. 

2214 Outdoor Machinery Exposed to Sun’s Rays.—Outdoor machinery 
not protected from the sun’s rays at times of heavy load, shall receive 
special consideration. 

2216 Altitude.—Increased altitude has the effect of increasing the tem¬ 
perature rise of some types of machinery. In the absence of in¬ 
formation in regard to the height above sea level at which a machine 
is intended to work in ordinary service, this height is assumed not 
to exceed 1000 meters (3300 feet.) For machinery operating at an 
altitude of 1000 meters or less, a test at any altitude less than 1000 
meters is satisfactory, and ho correction shall be applied to the ob¬ 
served temperatures. Machines intended for operation at higher 
altitudes shall be regarded as special. It is recommended that 
when a machine is intended for service at altitudes above 1000 
meters (3300 ft.) the permissible temperature rise at sea level, 
shall be reduced by 1 per cent for each 100 meters (330 ft.) by which 
the altitude exceeds 1000 meters. 

Kinds of Rating 

There are various kinds of rating such as: 

2220 Continuous Rating.—-A machine rated for continuous service shall 
be able to operate continuously at its rated output, without exceeding 
any of the limitations established herein. 
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In the absence of any specification as to the kind of rating, the 
continuous rating shall be understood. 

2221 Short-Time Rating.—A machine rated for discontinuous or 
short-time service {i, e. service including runs alternating with stops 
of sufficient duration to ensure substantial cooling), shall be 
capable of operating at its rated output during a limited period, 
to be specified in each case, without exceeding any of the limitations 
established herein. Such a rating is a short-time rating. 

2222 Duty-Cycle Operation.—Many machines are operated on a cycle 
of duty which repeats itself with more or less regularity. For pur¬ 
poses of rating, either a continuous or a short-time equivalent load 
may be selected, which shall simulate as nearly as possible the 
thermal conditions of the actual duty-cycle. 

2223* Standard Short-Time Ratings.—The following periods shall be 
used for short-time ratings: 5, 10, 15, 30, 60 and 120 minutes. 

2224 A.I. E.E. and I. E. C. Ratings.—When the prescribed conditions of 
test are those of the A. I. E. E. Standards the rating of 
the machine is the Institute Rating. (See §2401) When 
the prescribed conditions of the test are those of the I. E. C. 
Rules, the rating of the machine is the 1. E. C. rating. A 
machine so rated in either case may bear a distinctive sign upon its 
rating plate. I. E. C. stands for '‘International Electrotechnical 
Commission.” 

2225 Continuous Rating Implied.—Machines marked "A. I. E. E. 
Rating” or ”1. E. C. Rating” shall be understood to have a contin¬ 
uous rating, unless otherwise marked in accordance with §§2223, 
6201 or 6202. 

Rating by Temperature Rise 

2230 Limiting Observable Temperature Rises.—The following 
. limiting observable temperature rises have been adopted. 

(2223) When, for example, a short-time rating of 10 minutes duration is adopted, and 
the thermally equivalent load is 25 kw. for that period, then such a machine shall be stated 
to have a 10-minute rating of 25 kw. 

In every case the equivalent short-time test shall commence only when the windings and 
other parts of the machine are within 5“ C. of the ambient temperature at the time of start - 
ing the test. 
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TABLE 200 

Limiting Observable Temperature rises for machines for operation 
in locations where the ambient temperature will not exceed 40°C. 
for Air or 26°C. for Water. 

For Class A insulation use the values in the Table 

For Class B insulation use 20 °C. higher values (or 45®C. higher in the cases 
covered by the Note in §1006). 

For Class C insulation no limits yet specified. 


■ 7, For windings 

with two coil- For windings 
Method Method sides per slot with one coil- 

1 2 with detectors side per slot with 

between top and detectors against 
bottom coil-sides core and against 
and between coil wedge, 
sides and core. 


1-Insulated windings 50°C. 55°C. 

other than 2.3. Note 1 Note 1 
Note 1 


55®C. minusl°for 
every 1000 volts 
by which the 
terminal pressure 
of the machine 
exceeds 6000 
volts). Note 1 


2-Single layer field 
windings with ex¬ 
posed surfaces un¬ 
insulated 


3-Short circuited 
insulated windings 60°C. 


4—Field Windings 
(other than 5.) 


55°C. 

5-Single layer field 
windings with ex¬ 
posed surfaces 
uninsulated 

60®C. 

60°C. 

6-Windings in slots 

i 50°C. 

55®C. 

7-Short-circuited 
insulated windings 

60°C. 


8—Transformers and 
Induction Regu¬ 
lators 


55«C. 


reflate, is 

‘’J® temperature of air blast transformers, the air supply shall 

shutofE:mmed.^telyat the end of the temperature run and air intake sha« 
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be closed to prevent further admission of cooling air. In checking the temperatures 
ascertained by resistance, the readings of thermometers well distributed and in good 
contact with the coils shall be noted and the maximum temperature indicated by 
them, if higher than that determined by resistance, shall be taken as the maximum 
observable temperature of the windings. With the above procedure, the observable 
temperature rise for air-blast transformers may attain a value not in excess of 60°C. 
as determined by thermometer, although it must not exceed 55®C. as determined by 
resistance. 

(c) Method 3 shall be applied to all stators of machines with cores having a width 
50 cm. and over; it shall also be applied to all machines of 5000 volts and over if 
of over 500 kv-a. regardless of core width, 

(d) Method 2 shall not be used for circuits of low resistance (other than trans¬ 
former windings), such as interpole vandings, where external joints and connections 
form a considerable part of the total resistance. 

(e) For all other cases it is optional to employ eitherMethod 1 or Method 2. 
(This is equivalent to authorizing Method 1 with a 6°C. lower limit of observable 
temperature than is permitted for Method 2), 

Note 2.—For cotton, silk, paper and similar materials when neither treated, im” 
pregnated nor immersed in oil, the limits of observable temperature rise shall be 15 
degrees below the limits in the above table fixed for these materials when impregnated. 

Note 3.—For enclosed machines (rotating) the limiting observable temperature 
rise shall be taken as 5 degrees higher than the values set forth in the Table for Items 
1 and 6. 

Note 4. A further limitation to this Table relates to the restriction of its applica¬ 
tion to machinery for operation in locations whose altitude is not more than 1000 
meters above sea level. Recommendations relating to the limiting temperature rise 
for machines for operation at higher altitudes are given in §§2215 and 2231. 

Note 5. If different insulating materials are used on various parts of one winding 
(for instance in the slot and for the eiid windings) the temperature of each material 
shall not exceed the limit set for that material. 

When insulation consists of layers of materials having different temperature- 
limits (for instance high-temperature limit material adjacent to the copper and lower 
temperature limit material adjacent to the iron or the air) the temperature of each 
material shall not exceed the limit set for that material. 

2231 Exceptions to Table 200.—(a) For cotton, silk, paper and 
similar materials when neither treated, impregnated nor immersed 
in oil, the limits of observable temperature rise shall be 15°C. 
below the limits fixed for these materials when impregnated. 

(b) When the thermometers are applied directly to the surfaces 
of bare windings, such as an edgewise strip conductor, or a cast 
copper winding, the limiting observable temperature rise shall be 
10°C. higher than given for Method 1 in the Table. 

(c) For commutators, collector rings, or bare metallic surfaces 
not forming part of a winding, the limiting observable temperature 
rise shall be 15°C. higher than given for Method 1 in the 
Table. 

(d) Any machinery destined for use with higher ambient temper¬ 
atures of cooling mediums, and also any machinery for operation at 
altitudes for which no provision is made iii §2216, should be 
the subject of special guarantee by the manufacturer. The methods 
of test and performance set forth in these Rules, will, however, 
afford guidance in such cases. 

2232 Limiting Observable Temperature of Oil.—The oil in which 
apparatus is permanently immersed shall, in no part, have a tempera¬ 
ture, observable by thermometer, in excess of 90°C. 
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TESTS 

Ambient Temperature 

2800* Measurement of the Ambient Temperature During Tests of Ma¬ 
chinery.—(a) General: The ambient temperature is to be measured 
by means of several thermometers placed at different points around 
and half way up the machine at a distance of 1 to 2 meters (3 to 6 
feet), and protected from drafts, and abnormal heat radiation, 
preferably as in §2301. 

(6) Mean Temperature: The value to be adopted for the ambient 
temperature during a test, is the mean of the readings of the ther¬ 
mometers (placed as above), taken at equal intervals of time during 
the last quarter of the duration of the test. 

{c) Use of Idle Unit: It is sometimes desirable to avoid errors due 
to time lag in temperature changes, by employing an idle unit of the 
same size and subjected to the same conditions of cooling as the unit 
under test, for obtaining the ambient temperature. 

2301 Oil Cup.—In order to avoid errors due to the time lag between the 
temperature of large machines and the variations in the ambient air, 
all reasonable precautions must be taken to reduce these variations and 
the errors arising therefrom. Thus, the thermometer for determining 
the ambient temperature shall be immersed in a suitable liquid, such 
as oil, in a suitably heavy metal cup. This can be made to respond to 
various rates of change, by proportioning the amount of oil to the 
metal in the containing cup. A convenient form for such an oil cup 
consists of a massive metal cylinder, with a hole drilled partly through 
it. This hole is filled with oil and the thermometer is placed therein 
with its bulb well immersed. The larger the machine under test, the 
larger should be the metal cylinder employed as an oil cup in the 
determination of the ambient temperature. The smallest size 
of oil cup employed in any case shall consist of a metal cylinder 
25 mm. in diameter and 50 mm. high (1 in. in diameter and 2 in 
high). 


Machine Temperatures 

2310 Temperature Rise for Any Ambient Temperature.— A machine 
may be tested at any convenient ambient temperature, preferably 
not below 10°C., but whatever be the value of this ambient tem¬ 
perature, the permissible rises of temperature must not exceed those 
given in Table 200. 


2311 Correction for the Deviation of the Ambient Temperature of the 
Coohng Medium, at the Time of the Heat Test, from the Stand¬ 
ard Ambient Temperature of Reference.— Numerous experiments 
have shown that deviation of the temperature of the cooling medium 
from that of the standard of reference, at the time of the heat run, 

has a negligible effect upon the temperture rise of machines; there- 

_correction shall be applied for this deviation. 


the machine through ducts or through 
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2312 Duration of Temperature Test of Machine for Continuous Ser¬ 
vice.—The temperature test shall be continued until sufficient evi¬ 
dence is available to show that the maximum temperature and 
temperature rise would not exceed the requirements of the rules, 
should the test be prolonged until the attainment of a steady final 
temperature. • 

2313 Duration of Temperature Test of Machine with a Short-Time 
Rating.—The duration of the temperature test of a rpachine with 
a short-time rating shall be the time required by the rating. In 
every case the equivalent short-time test shall commence only when 
the windings and other parts of the machine are within 5°C. of 
the ambient temperature at the time of starting the test. See §2235. 

2314 Duration of Temperature Test for Machine having more than 
One Rating.—The duration of the temperature test for a machine 
with more than one rating shall be the time required by that rating 
which produces the greatest temperature rise. In cases where this 
cannot be determined beforehand, the machine shall be tested sepa¬ 
rately under each rating. 

2316 Temperature Measurements during Heat Run.—When possible 
temperature measurements shall be taken during operation, as 
well as when the machine is stopped. The highest figures thus 
obtained shall be adopted. In order to abridge the long heating 
period, in the case of large machines, reasonable overloads of cur¬ 
rent during the preliminary period are suggested for them, 

2316 Rules for Correcting to Time of Shut-Down.—(a) Whenever a 
sufficient time has elapsed between the instant of shut-down and 
the time of the final temperature measurement to permit the temper¬ 
ature to fall, suitable corrections shall be applied, so as to obtain 
as nearly as practicable the temperature at the instant of shut¬ 
down. This can sometimes be approximately effected by plotting 
a curve with temperature readings as ordinates and time as ab¬ 
scissas, and extrapolating back to the instant of shut-down. In 
other instances, acceptable correction factors can be applied; e. g., 
In the case of machines manufactured in large quantities, the 
correction obtained from tests made on representative machines 
may be used. 

(b) Exception. In cases where successive measurements show 

^ increasing temperatures after shut-down, the highest value shall 
be taken. 

Details of Testing Methods 

2320 Covering of Thermometer.— Thermometers used for taking 
temperatures of machinery shall be covered by felt pads 4 cm. 
X 5 cm. {114 in. x 2 in.), 3 mm. (H iiich) thick cemented on; oil 
putty may be used for stationary and small apparatus. 
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2321 Temperature Coefficient of Copper.—The temperature coefficient 
of copper shall be deduced from the formula 1 /( 234.5 + t). Thus, 
at an initial temperature t = 40 ® C ., the temperature coefficient of 
increase in resistance .per degree centigrade rise is 1 /( 274.5 = 
0 . 00364 ). The following table, deduced from the formula, is given 
for convenience of reference. 


TABLE 201 

Temperature Coefficients of Copper Resistance. 


Temperature of the winding, 

Increase in resistance of 

in degrees C. at which the 

copper per °C., per ohm of 

initial resistance is measured. 

initial resistance. 

0 

0.00427 

5 

0.00418 

10 

0.00409 

15 

0.00401 

20 

0.00393 

25 

0.00385 

30 

0.00378 

35 

0.00371 

40 

0.00364 


2322 Temperature Measurement of Low Resistance Circuit.—In 
circuits of low resistance, where joints and connections form a 
considerable part of the total resistance, the measurement of tem¬ 
perature by. the resistance method shall not be used. (Except 
transformers, for which see §6320.) 

2323* Location of Embedded Temperature Detectors.—Embedded 
temperature detectors should be placed in at least two sets of 
locations. One of these should be between a coil-side and the 
core and one between the top and bottom coil-sides where two 
coil-sides per slot are used. Where only one coil-side per slot 
IS used, one sef of detectors shall be placed between coil-side 
and core, and one set between coil-side and wedge. A liberal 
number of ^ detectors shall be employed, and all reasonable 
efforts, consistent with safety, shall be made to locate them at the 
vanous places where the highest temperatures are likely to occur. 


Efficiency 

2331* Efficiendes Recognized.—Two efficiencies are recognized, con- 
-e fficiency and directly measured efficienc y. Unless other- 

« resistance at ^°C. 

*= resistance at T°C. 


Then -(234.5 -f/) — 234.5 

f.et that .ol orthe oLsTr 

must, m many cases either b. , ™ ““h'nery are practically indeterminable, and 
values recommend U tL wirr^T ^PProved method of test, or els. 

Ployed for 
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‘=°*iventional efficiency is to be employed. See 

§§3614 and 3624. 

Input and output determinations of efficiency may be 
directly measuring the output by brake, or equivalent, wliere 
app ica e. Within the limits of practical application, the circul a-t; i n K 
■ power method, sometimes described as the Hopkinson or “loa-diny;- 
back method, may be used. 

2332* Normal Conditions for Efficiency Te>sts.—{a) Generali 'I'll® 

efficiency shall correspond to, or be corrected to, the normal cort- 
itions herein set forth, which shall be regarded as standard. These 
conditions include voltage, current, power-factor, frequency, wave¬ 
shape, speed, temperature, or such of them as may apply in each 
particular case. ^ ir't' j' 

(b) Load: When the efficiency of a machine is stated withow* 
specific reference to the load conditions, rated load is always to he 
understood whether the efficiency be the conventional or directly 
measured efficiency. 

(c) Wave Shape: The sine wave shall be standard, unless a differ exit 

inherent in the operation of the system. See § 23150 . 

W Temperature of Reference: The efficiency of all apparattxsi 
at all loads, shall be corrected to a reference temperature of 7i> 

C, but tests may be made at any convenient ambient temperatturc, 
preferably not less than 15° C. ^ 

The efficiency of alternators and transformers 
snail be stated at the rated power factor. 

Measurement of Efficiency.—(a) General: Electric power 
shall be measured at the terminals of the apparatus. 

P°lypliase machines, sufficient 
errorsofunbalance. 

shfn Po-^er: Mechanical power delivered by machines 

sL t the pulley, gearing or coupling, on the rotor 

s aft, thus excluding the loss of power in the belt or gear friction, 
bee, however, an exception in §6202. 

Wave Shape. 

Wave Shape.-The Sine Wave shall be considered 
standard except where departure therefrom is inherent in the opera- 
ion of the system of which the electrical machine forms a part. 

Tests of Dielectric Strength 

2860 Condition of Machine to be Tested.-Commercial tests shall 
in general, be made with the completely assembled machine and! 
not with individual parts. The machine shall be in good conditfo^ 
and high-volta ge tests, unless otherwise specified, shall be apDli.ecl 

(2332 d) In calculating plant or system efficiency it may be desirable to calcul»trT''.r 
losses in each individual machine or part of the svstem at tha ar-ti ai + ^ 

that transformer or part during the specifieLnt.rv.r ^ temperaturo of 

.a™. tt. 10.Lg 

for kll efficiency guarantees, temperature of ref©r«irxe« 
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before the machine is put into commercial service, and -shall not 
be applied when the insulation resistance is low due to dirt or 
voltage tests to determine whether specifications 
are fulfilled are admissible on new machines only. 

2361 Where High-Voltage Tests are to be Made.-Unless otherwise 

L^cto^ry machines shall be made at the 

2362 Temperature at which High-Voltage Tests are to be made.- 
igh-voltage tests shall be made at the temperature assumed under 

normal operation or at the temperature attained under the con- 
ditions of commercial testing. 

2363 Points of Application of Voltage.-(o) General: The test volt- 
age shall be successively applied between each electric circuit and 
all other electric circuits and metal parts grounded 

tw Interconnected Polyphase Windings: Interconnected ' polv- 
phase windings shall be considered as one circuit. All windihes ex 
cept that under test shall be connected to ground. 

2364 Frequency and Wave Shape of Test Voltage.-The frequencv 
of the testing voltage shall be not less than the rated frequency 

«m 40 ^ ^ave shape is recommended (see 

§§2340 and 4361). The test shaU be made with alternating voltage 

■2<IBR ^ specified test voltage. 

2366 Duration of Application of Test Voltage.—(a) General- Th^ 

pSo^d of°60^^ for machines shall be applied continuously for a 
period of 60 seconds. See exception §2366 (b). 

in large Quantities- 

Standard machines and devices produced in larv^^ nnonfiV; t 

which the standard test pressure is 2600 volts or less, may be ^ted 

, 'r.;:rpir • “■ 

%err.i:ire?:;7i'.t£r'S- sp?c.4:?ih“S ? r- 

o^ ri'^i;iLrir:,~^^ - ■»- --- 

2368 Measurement of Voltage in Dielectric Strength Tests-Thp 

.renSh'Jit "“**' “““ 

1. The voltmeter method 

.he\.2:s?.tg?" -P- 6.P or 

““maHna Tests—Whea 

S gn voltag e tests on electrical mach inpnp every precaution 

hieh voltsaT'-" betaoM llwir resisiuic. m.y become very low at 
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must be taken against the occurrence of cno 1 , 

he circuits from which the machine ic K ? discharges in 

ductive resistance of about bneThm nl ^ 

inserted in series with one terminal of the^ Pressure shall be 

made with one electrode ground^ thi! is 

directly in series with the non-groundedlrt “®®^ted 

IS grounded one-half shall be inserted dir**^tr^^’ i^®rminal 

electrode. In either case this resistale IhaU K “ 
mg gap as possible and not in series with fh 

moT T " " 

machi: STes'^^oflTii^^^ the 

to distort the high-voltage wave srpe current 

formation, the spark-gap should be set’ for 

and the testing apparatus adiusted tn <y- ^ required test voltage 

spark-gap just breaks down This ad'-''^t^ voltage at which this 

■"“'■i™ »ae, .« 

hen be connected, and with the soarh should 

the testing apparatus again adjiLted f ° 

former breakdown, which is the a ° g've the voltage of the 
voltage Shall be ’maintained tr^« This 

2361* Use of «!no.-P . required interval. 

the charging curfem; of^rmachiL^u d”^^ ‘^apacitance.—When 
distort the voltage wave or change Se eff appreciably 

transformer, the first adjustment of ^ of the testing 

the test voltage shall be made with the m!* 
to the circuit and in parallef wi^L the sp"SS: 

5362 Measurements with Voltmeter—T 

a voltmeter, the instrument should voltage -with 

from the high-pressure circuit vdtage 

voltmeter coil placed in the telinTta of a 

diary ratzo transformer. It is pe^r an aux- 

can be made for the variations in rJi- T. provided corrections 
current of the machine unfe t" t or n 
variation in this ratio. In any case wh J 

machine to be tested is such as to c^L ^ ®^P®oitance of the 

voltage must be checked by a spark gap a s fbe testing 

or by a crest-voltage meter K thf r §§2364 and2366 

in crest volts, its readings' must be retuTedT Th 
r. m. s. sinuso idal value by dividing bv V? ^ corresponding 

/OOfit\ TlrTi .. .. 


the tested apparatus ma^prodlce Partial arc-over of 

charge prematurely. The measured ‘c di:! 

equivalent ratio" of the testing transform!! T !! f *°° ’’'8h. In such tests the 

rant of the arc-over voltage of the tested apparat’ustMiTh^”^'^ ’'*‘**'“ ^0 per 

he measuring gap should then be greatly fengthened \ apparatus in circuit, 

tested apparatus arcs over. This arc-owr ^ voltage increased until the 

thl™® voltmeter reading by the equivalent raSfo °“d‘^ k'“ <Jctermined by multi- 
the sparWer voltage over one gap b^ anothL^ b“Sr~ 
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2363 Measurements with Spark Gaps.— (a) General: If proper pre¬ 
cautions are taken, spark gaps may be used to advantage in check¬ 
ing the calibration of voltmeters for high voltage tests of machines, 

(6) Range of Voltages'. For the calibrating purposes set forth 
above the sphere gap shall be used for voltages above 50 kv., and 
is preferred down to 30 kv. The needle spark gap may, however, 
be used for voltages from 10 to 50 kv. 

2364 Needle Spark Gap.—The needle spark gap shall be between 
new sewing needles, supported axially at the ends of linear conductors, 
which are at least twice the length of the gap. There must be a 

^ clear space around the gap for a radius at least twice the gap length. 

2365 Needle Gap Sparking Distances.—The sparking distances in 
air between No. 00 double long sewing needle points for various 
root-mean-square sinusoidal voltages shall be assumed to be as 
shown in Table 202. 


TABLE 202 


Needle-Gap Spark-Over Voltages 
(At 25° C and 760 mm. barometer). 


R. M. S. Kilovolts 

Millimeters 

R. M. S. Kilovolts 

Millimeters 

10 

11.9 

35 

51 

15 

18.4 

40 

62 

20 “ 

25.4 

45 

75 

25 

33 

50 

90 

30 

41 




The values in Table 202 refer to a relative humidity of 80 per cent, Variations 
from this humidity may involve appreciable variations in the sparking distance. 


2366* Sphere Spark-Gap.—The standard sphere spark gap shall be 
between two suitably mounted spheres. No extraneous body, or 
external part of the circuit, shall be nearer the spheres than 
twice their diameter. 

The shanks shall be not greater in diameter than Vsth the sphere 
diameter. Metal collars etc., through which the shanks extend, 
shall be as small as practicable and shall not, during any measure¬ 
ment, come closer to the sphere than the maximum gap length 
used in the measurement. 

The sphere diameter should not vary more than 0.1 per cent, 
and the curvature, measured by a spherometer, should not vary 
more than 1 per cent from that of a true sphere of the required 
diameter. 

(2366) When used as specified, the accuracy obtainable should be approximately 2 per 
cent. 





general rules . jggj 

curvature, the dlst” ts ^ f 

-ter feet shaU be .hMn thTb^t 


' Diameter of sphere 
in. mm. 


table 203 

Spherometer Specifications 


__Distance bet weelT^ntact p oints ir. mnT 


3368 Sphere-Gap Sparking Distances.-The soarkinv di=t 

tween spheres for various r m-c o- distance be- 

sumed to be as shown in Table voltages shall be as- 

2369 of Gap Spacing for Air-Densitv_ 

it is necessary to set a ^an tr» cT^o i spacing at which 

age, is found as follows. over at some required volt- 

rection factor given in Table 205 voltage by the cor- 

obtained, to find the corresnondfnv 

a graph of the latter, Table 204. using 

gap^s°pS?ove? il°derived^fmm^r“*^ir^^® * 

_Table 204 by multiplying by c7r7ectioZZV° 


thafthl^ppamu^wSfre^r^^^^^^^^ “ and §2367, it is assumed 

trie fields. Care should be taken tLt eoLuotin« dielec- 

Circuit potential, are not so located with reference to the cr circuit, or at 

superposed on the gap, e. g., the protecting resistaLe shouW 7 ^ialeotric fields are 
large masses or surfaces near the gap, cvL at a drtan77 as to present 

mately five diameters above the'floor or grou7 ® sphere should be approxi- 

—e^vou. 

when the variation is great, or greater accuracy is correction factor; 

Pondmg to the relative air density 


Relative air density « - ' ^ 

273 +/ 

b »» barometric pressure in mm. 


-AIJ, liAJlli, 

I temperature in deg. C. 

Table 213 thTforTriues S^ktittT deS abotfo’^th“'"‘’‘ “ *■’ 

differ greatly from the relative air density. 0.9 the correction factor does not 
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Table 206 


Relative 

air 

density 


Diameter of standard spheres in 


0.50 

0.55 

0.60 

0.65 

0.70 

0.75 

0.80 

0.85 

0.90 

0.95 

1.00 

1.05 

1.10 


62.5 

125 

1 250 

0.547 

0.594 

0.640 

0.535 
, 0.583 

0.630 

0.527 

0.575 

0.623 

0.686 
0.732 , 

0.777 

0.677 
0.724 
' 0.771 

0.670 

0.718 

0.766 

0.821 

0.866 

0.910 

0.816 

0.862 

0.908 

0.812 

0.859 

0.906 

0.956 

1.000 

1.044 

0.955 

1.000 

1.045 

■ 0.954 
1.000 
1.046 

1.090 

1.092 

1.094 


500 


0.519 

0.567 

0.615 

0.663 

0.711 

0.759 

0.807 

0.855 

0.904 

0.952 

1.000 

1.048 

1.096 


Insulation Resistance 

with all 

^3^5 - St 

2381 Voltage for Insulation Resistance T«t t , • 

tests shall, if possible, be made at a d e ' resistance 

the insulation resistance varLfwit^r"" ®nce 

that. If a pressure other than 500 volts is toT""®’ “S'^essary 
case, th.s other pressure shall be cleltstified 

„ . TABLE 206 


Rated 
voltage 
of machine 

---oa-Immersed Apparalu.. 

Megohms ~ ' ---—; 

' 100 kv-a. 

1 1000 kv-a. 


100 

1,000 

10.000 

1 100,000 

0.091 

0.91 

9.1 

0.05 

0.50 

5.0 

50 1 

0.091 

0.91 

9.1 
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CHAPTER HI. 

general definitions 

electric circuL, mLhtees tnd'systemf'^^Drf application to 

specific class of apparatus are given In the f pertaining to a 

m question. The definitionsiere given are n •*' apparatus 

than scientifically precise, ^ primarily descriptive rather 

cases, to electmLtivrtol7piTent™^^ applicable, in most 

es, potential differences, magnetic fluxes, etc. 

definitions 

General 

".rr:r ts ritr- t- " "”■>»- 

.1. e„.„-„5rLr 

Resistivity 

of tho molorial, .„d i.r„.roof,E ! * '“‘“"of' o»b, 

perature, vSee §9060. ^ ^ statement of the tem- 

Apparatus 

3064 Resistor.— A resistor i*c o • 

soKes the property of electrietrrcrirr because it pos- 

sf s„s'- - - 000 “™’;;:=!' pr^Ltr, “ cr,oT 

possesses the property o^LdLtantr^^^ Primarily because it 

'°"'se,stTlre7rtp'i;;troVreacSnr Rei 

. circuits for purposes of operation, protecul'r "ontrol.''^ 

Kinds of Currents 

ordinarilV^'^d”*'thf tcim * ^ unidirectional current. As 

enrrent. ' " “ Practiotdiy non.p.ls.ti.j 

-oX“ru“Ti.sr;-~ • - 

“ • "nMbectioil cur'ent 

p«l;:CTr:cf"c™nr'' «•»- 
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3116 Alternating Current.—An alternating current is a current the 
direction of which reverses at regularly recurring intervals. Unless 
distinctly otherwise specified, the term alternating current refers to a 
periodically varying current with successive half waves of the same 
shape and area. See §3212 

3120 Oscillating, or Free Alternating-Current,—An oscillating, or free 
alternating-current is the current following any electro-magnetic 
disturbance in a circuit having capacity, inductance, and less than 
the critical resistance. When the critical resistance of a circuit is 
reached the current becomes aperiodic. 


Alternating Currents 

3204 Cycle,—A cycle is one complete set of positive and negative 
values of an alternating current* 

3206 Period.—The period of an alternating current is the time required 
for the current to pass through one cycle. 


3208 Frequency.—The frequency of an alternating current is the 
number of cycles through which it passes per second, that is, the 
reciprocal of the period. 


3212 Wave Shape.—The wave shape, or wave form, of an alternating 
current is the shape of the curve obtained when the instantaneous 
values of the current are plotted against time in rectangular co¬ 
ordinates. 

Two alternating quantities are said to have the same wave shape 
when their ordinates of corresponding phase bear a constant ratio 
to each other. The wave shape, as thus understood, is therefore 
independent of the frequency of the current and of the scale to which 
the curve is plotted. 


3214 Sine-Wave, or Simple Alternating-Current.—A sine wave, or 
simple alternating-current is a current whose waveshape is sinusoidal. 

3218* Root-Mean-Square or Effective Value.—The root-mean-square 
or effective value of an alternating current is the square root of the 
mean of the squares of the instantaneous values for one complete 
cycle. It IS usually abbreviated r. m. s. Unless otherwise speoi- 
ed, the numencal value of an alternating current refers to its 
r. m. s. value. The word “virtual” is sometimes used in place of 
r. m. s., particularly in Great Britain. 


alternating 

COTent which has elapsed since the current passed through the 
zero position of reference. 

This fraction is usually expressed in angular measure, and the 
Complete cycle is taken as representing 
frequently called electric 

angles, and the degrees electric degrees. 
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In the usual equation 

i — Im sin (CO I + p) 

is the phase and ^is the phase angle of the 

3224* Phase Difference; Lead and lag.-The phase difference of two 
alternatmg quantities of the same frequency is the difference be 
tween their phases at any instant. That quantity whose maximum 

kg behind thel^mer"^''^ 

ta angular velocity la (r.qnenHy ,.r„ea the anLlar 

velocity of the current or voltag’e. t 

Convention.-It is recommended | ' 

that, m any vector diagram, the leading vector be drawn I / 

1-^ f ^ 1 ^ ^ ^ represents the vector of a current !/ 

vectorTsof lagging behind the 0 

ector 0 E of impressed electromotive force Pig ;M 

'''"an'^aTern^ST?!' f'of transfer of energy. In the case of 

; .r ^ potvar is generally used to 

denote the average value of the power over a cycle The nler S 

an electric circuit at any instant is equal to the product of the values 
instantaneoL ^^^^-rally called the 

Po^ororVolt-amperes.-The apparent power volt 

c£E~“— 

voltlTpLlTTrTkte^kv-a''''^ expressed in kilo- 

'''fo the 

the square^rolt of t™e^diff*'~'^^^K^*'^*'^^ volt-amperes in a circuit is 
power and the squire ofThTrwer 


difference as heTe‘defi7ed ma^no “LTdTnto^^ 

in Section 3262. ^ equivalent phase-difference as defined 

Turin meeting, Sept.'^m 1 ^, 7 g.)^^ International Electrotechnical Commission (Report of 

the coiine of thrangle^thi^hlxpre^se^^S^^ diffe^'^^ voltage are sinusoidal is equal to 
(3246) The reactive voltamrerr f !f 3224) . 

equal to the volt amperes times the si^e of L an^rXl sinusoidal, ie 

between current and voltage. expresses the phase difference 

are dnusoidal. i. equal to 
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Circuits and Phases 

3304 Electric Circuit. An electric circuit is a path in which an electric 
current may flow. Strictly speaking, an electric circuit is a complete 
circulatory path, but the term circuit is commonly employed to 
designate a specific part of a com^^lete path. When part of a com¬ 
plete path is referred to, such as a branch circuit, a derived circuit, 
or a conductor, both the terminals and the conductor which form 
that path should be specified in order to avoid ambiguity; e. g., 
the^ circuit a-b-c. When the whole circuit is referred to, it may be 
designated as a complete or closed circuit. 

3324* Single-Phase Circuit.—A single-phase circuit is a circuit ener 
gized by a single alternating electromotive force, 

3326 ^ Three-Phase Circuit. A three-phase circuit is a combination of 
circuits energized by alternating electromotive forces which differ 
in phase by one-third of a cycle; A e., 120 degrees. 

3328* Quarter-Phase or Two-Phase Circuit.—A quarter-phase or two- 
phase circuit is a combination of circuits energized by alternating 
electromotive forces which differ in phase by a quarter of a cycle; 
i. e., 90 degrees. 

3330 ^ Six-Phase Circuit. A six-phase circuit is a combination of cir¬ 
cuits energized by alternating electromotive forces which differ in 
phase by one sixth of a cycle; i. e., 60 degrees. 

3332 Polyphase Circuit—A polyphase circuit is a circuit ot more than 
a single phase. This term is ordinarily applied to symmetrical 
systems. 

3344 Symmetrical Voltaps and Currents.—Polyphase voltages or 
currents are symmetrical when the voltages or currents have the 
same wave shape and r. m. s. value and differ in phase each from the 
next by the same angle. 

3348 Symmetrical Polyphase System.—A symmetrical polyphase 
polyphase system in which the voltages are symmetri- 

3362* Balanced Polyphase System—A balanced polyphase system 

IS a polyphase system in which both the currents and voltages are 
symmetrical. 


beads 

3404 Reactive Load—A reactive load is a load in which the current 
lags behind or leads the voltage across the load. 

(3324) A single-phase circuit is usually supplied through two wires. The currents'in 

a half cTcir'"*' or 

nm! Tn .‘J!" ‘^0 speciSed angle, 

msm T praotase the phases may vary several degrees from the specified angle. 

,. 1 .. 1 balanced polyphase system is applied also to a quarter-phase (or two 

Phase) system rn which the voltages have the same wave form and r. rn s value and ra 
elecwc^degr»s!' by ninety 
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3406 Non-reactive Load.—A non-reactive load is a load in which the 
current is in phase with the voltage across the load. (The term 
non-inductive load is sometimes used for non-reactive load.) 

3408 Inductive Load.—An inductive load is a reactive load in which the 
current lags behind the voltage across the load. 

3410 Condensive Load.—A condensive load is a reactive load in which 
the current leads the voltage across the load. 

3414* Balanced Polyphase Load.—A balanced polyphase load is a 
load to which symmetrical currents are supplied when it is con¬ 
nected to a system having symmetrical voltages. 

3424 Connected Load.—The connected load on any system, or part of 
a system, is the combined continuous rating of all the receiving 
apparatus on consumers’ premises which is connected to the system, 
or part of the system under consideration. 

3434 Peak Power.—The peak power is the average power during a 
time interval of specified duration occurring within a given period 
of time, that interval being selected during which the average power 
is greatest. 

3438 Load Factor.—The load factor is the ratio of the average power to 
the peak power. 

In each case, the interval of maximum load and the period over 
which the average is taken should be definitely specified, such as 
a “half-hour monthly” load factor. The proper interval and period 
are usually dependent upon local conditions and upon the purpose 
for which the load factor is to be used. 

3442 Plant Factor.—The plant factor is the ratio of the average load 
to the rated capacity of the power plant; i, e., to the aggregate 
ratings of the generators. 

3464 Demand of an Installation or System.—The demand of an in¬ 
stallation or system is the load which is drawn from the source of 
supply at the receiving terminals averaged over a suitable and 
specified interval of time. Demand is expressed in kilowatts, 
kilovolt-amperes, amperes, or other suitable units. 

3458 Maximum Demand.—The maximum demand of an installation 
or system is the greatest of all the demands which have occurred 
during a given period. It is determined by measurement, according 
to specifications, over a prescribed time interval. 

3460 Demand Factor.—The demand factor of any system or part of 
a system, is the ratio of the maximum demand of the system, or 
part of a system, to the total connected load of the system, or of 
the part of the system under consideration. 

3464 Diversity Factor.—The diversity factor of any system, or part 
of a system, is the ratio of the sum of the maximum power demands 

(3414) The term balanced polyphase load is applied also to a load to which are supplied 

two currents having the same wave form and r. m. s. value and differing in phase by ninety 

electrical degrees when it is connected to a quarter-phase (or two-phase) system having 

voltages of the same wave form and r. m. s. value. 
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of the subdivisions of the system, or part of a system, to the maximum 
demand of the whole system, or part of the system under considera- 
tion, measured at the point of supply. 

Machinery and Apparatus 

3604 Capacity (or Properly, CapabiUty).—The word “capacity” is fre¬ 
quently used in the general sense of “capability”. It is also used 
m a more exact sense to denote the load which, when carried by a ma¬ 
chine, apparatus, or device will, under specified conditions of test, 
cause it to reach any one of its physical limitations, such for example, 
as operating temperature or abUity to maintain required voltage. 

Capacity should be distinguished from rating. On account of the 
• different senses in which it has been employed (see §3608), ca¬ 
pacity IS less used than it formerly was, rating being more useful 
commercially. 

3608 Rating. A rating of a machine, apparatus or device is an arbi¬ 
trary designation of an operating limit. 

(The rating of a machine is the output marked on the rating plate, and 
shall be based on, but shall not exceed the maximum load which can 
be taken from the machine under prescribed conditions of test. This 
is also called the-rated output. Maximum possible rating obviously 
corresponds with capability as defined in ^850Jf). 

3614 Efficiency.—-The efficiency of an electric machine or apparatus 
is the ratio of its useful output to its total input. Unless otherwise 
specified the above output and input shall mean the power output 
and the power input respectively. 

3624 Conventional Efficiency.—The conventional efficiency of an 
electric machine or apparatus is the ratio of the output to the sum 
of the output and the losses, or of the input minus the losses to the 
input, when, in either case conventional values are assigned to one or 
more of these losses. 

3634 Plant, or System, Efficiency.—Plant, or system, efficiency is the 
ratio of the energy delivered from the plant or system to the energy 
received by it in a specified period of time. In calculating plant, or 
system, efficiency it may be desirable to calculate the losses in each 
individual machine, or part of the system, at the actual temperature 
of that machine, or part, during the specified interval. These losses 
may be appreciably different from the losses at 75® C., which latter 
shall be the standard temperature of reference for all efficiency 
guarantees. This definition is not applicable to storage bat¬ 
teries. See §2332. 

3636 Regulation.—The regulation of a machine in regard to some 
characteristic quantity (such as terminal voltage or speed) is 

(3508) The term maximum load does not refer to loads applied solely for mechanical 
commutation, or similar tests. 

(3624) The need for assigning conventional valued to certain losses, arises from the fact 
that some of the losses in electric machinery are practically indeterminable, and must, in 
many cases, either be approximated by an approved method of test, or else values recom¬ 
mended by the Institute and designated “conventional” values shall be employed for them 
m arriving at the “conventional efficiency,’J 
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the change in that quantity occurring between any two loads. 
Unless otherwise specified, the two loads considered shall be zero 
load and rated load, and at the temperature attained under normal 
operation. The regulation may be expressed by stating the numeri¬ 
cal values of the quantity at the two loads, or it may be expressed 
by the “percentage regulation”, which is the percentage ratio of 
the change in the quantity occurring between the two loads, to the 
value of the quantity at either one or the other load, taken as the 
normal value. The normal value may be either the no-load value, 
as the no-load speed of induction motors; or it may be the rated- 
load value, as in the voltage of a-c. generators. 

It is assumed that all parts of the machine affecting the regulation 
maintain constant temperature between the two loads, and where 
the influence of temperature is of consequence a reference temperature 
of 75° C. shall be considered as standard. 

TABLE 301. 

3604* SYMBOLS AND ABBREVIATIONS 

Symbol for Abbreviation 

Name of Quantity. the Quantity. Unit. for the Unit. 


Acceleration due to gravity 

Admittance. 

Angular velocity. 

Capacitance (Electrostatic 

capacity). 

Conductance. 

Conductivity. 

Current. 

Dielectric constant. 

Efficiency. 

Electromotive force, abbre¬ 
viated e. m. f. 

Electrostatic field intensity 

Electrostatic flux. 

Electrostatic flux density.. 

Energy, in general. 

Frequency. 

Impedance. 

Inductance (or coefficient 

of self induction). 

Intensity of magnetization 
Length.\ 

Magnetic field intensity... 

Magnetic flux. 

Magnetic flux density..... 


g 

F, y 
CO 

C 

i 

7 

K 

E, e 
F 

D 

U or W 

f 


J 

I 

<p 

B,(B 


mho per 
cm. 


centimeter cm. 

per second per sec. 

per second per sec. 

mho .... 

f radian per 

\ second ’ * “ 

farad .... 

mho .... 

*mho per cen¬ 
timeter 
ampere 

per cent 

volt 


joule, watt-hour 
cycle per second 
ohm 

henry 

centimeter cm. 

( gilbert per gilbert per 

I centimeter cm. 

( or gauss* .... 

maxwell .... 

gauss ..,: 
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Magnetomotive force, ab¬ 
breviated m. m. f.. 

Mass. m 

Mutual Inductance (or co¬ 
efficient of mutual induction) 
Number of conductors or ^ 


turns. 

Permeability. fJL = B/H 

Phase displacement. q ^ 

Potential difference, abbre¬ 
viated p. d.F, 2 ^ or £, e 

Power. P, ^ 

Quantity of electricity.... Q,q 

Reactance. X^x 

Reluctance. (R 

Resistance. P, r 

Resistivity. p 


Standard acceleration due 
to gravity (at about 45 deg. go 
latitude and sea level) equals 


980.665*. 

Susceptance. b 

Susceptibility. K J/H 

Temperature. 6 

Time. t 

Velocity of rotation. n 

Voltage. Ef e or F, v 




gilbert* 

gram g 

henry 

/ convolution 
\ or turn of wire 

degree or 
radian 

volt 
watt 
coulomb, 
ampere-hour 
ohm 


ohm .... 

f»ohm-centi- 1 
meter j 

( centimeter cm. per 

per second sec. 

per second per sec. 

mho .... 

degree centigrade °C 
second sec. 

revolution rev. per 
per second sec. 

volt .... 



3608 Symbols for Maximum, Instantaneous and R. M. S. Values.— 
Em, Im and Pm should be used for maximum cyclic values, i and 
p for instantaneous values, E and I for r. m. s. values (see 
§3218) and P for the average value of the power, or the active power. 
These distinctions are not necessary in dealing with direct- 
current circuits. In print, vector quantities should be represented 
by boldface capitals. 

BIBLIOGRAPHY 


Associazione Elettrotecnica Italiana: Simboli e Notazioni. 
International Electrote chnical Commission: International Symbols. 

(3604) The gauss is provisionally accepted for the present as the name of both the 
unit of field intensity and flux density, on the assumption that permeability is a simple 
numeric. 

An aditional unit for magnetomotive force is the "ampere-turn", for flux the "line", 
for magnetic flux-density "maxwells per sq. in.". 

The numerical values of resistivity and conductivity are ohms resistance and mhos con¬ 
ductance between two opijosite faces of a cm. cube of the material in question,, but the 
correct names are as given, not ohms and mhos per cm, cube, as commonly stated 

The value 980.665 for go has been the accepted standard value for many years and was 
formerly considered to correspond accurately to 45* latitude and sea level. Later re- 
siarches, however, have shown that the most reliable value for 45* and sea-level is slightly 
defferent; but this does not affect the standard vahie «iven above. 
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CHAPTER IV. 

STANDARDS FOR ROTATING MACHINES (OTHER 
THAN RAILWAY MOTORS, RAILWAY SUBSTATION MA¬ 
CHINERY CARRYING TRACTION LOADS, AND AUTO¬ 
MOBILE PROPULSION MACHINES). 

The A. I. E. E. Standards for Rotating Machines are the General 
Standards shown in Chapters II and III and the Standards in other 
chapters which are applicable to the devices involved, together with the 
modifications and extensions given in this chapter. 

DEFINITIONS 

General. 

Certain rules applying exclusively to railway machinery have, for 
convenience, been placed in Chapter V, with cross references in 
all cases in this chapter. The rules of Chapter IV apply to railway 
machinery except as they are modified by rules of Chapter V. 

4000 Classification of Electric Rotating Machinery.—Rotating elec¬ 
tric ^ machinery may be classified in various ways, these classi¬ 
fications over-lapping or interlocking in considerable degree. First, 
Rotating electric machinery may be classified as Direct- 
Current and Alternating-Current; Second, according to the 
function of the machines; e. g.. Motors, Generators, Boosters, 
Motor-Generators, Dynamotors, Double-Current Generators, 
Converters and Phase Advancers; Third, according to con¬ 
struction or principle of operation; e, g., Commutating, 
Synchronous, Induction, Unipolar, Rectifying. Obviously, some 
of these machines could be rationally included in either clarifica¬ 
tion, e, g., Motor-Generators and Rectifying Machines. 

In the following, self-evident definitions have for the most part 
been omitted. 

Functional Classification of Rotating Electric Machines. 

4001 Generator.—A generator is a machine which transforms mechani¬ 
cal power into electric power. 

4002 Motor.—A motor is a machine which transforms electric power 
into mechanical power. 

4003 Booster.—A booster is a generator inserted in series in a circuit 
to change its voltage. A booster may be driven by an electric 
motor (m which case it is termed a motor-booster) or otherwise. 

4004 Motor-Generator Set.—A motor-generator set is a transforming 
device consisting of one or more motors mechanically coupled to 
one or more generators. 
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4006 Dynamotor.-A dynamotor is a transforming device combining 
both motor and generator action in one magnetic field, either with 
two armatures, or with one armature having two separate windings 
and independent commutators. 

4006 Direct-Current Compensator or Balancer.—A direct current 
compensator or balancer is a machine which comprises two or 
more similar direct-current machines (usually with shunt or com¬ 
pound excitation) directly coupled to each other and connected 
in series across the outer conductors of a multiple-wire system of 
distribution, for the purpose of maintaining the potentials of the 
intermediate wires of the system, which are connected to the junc- 
tion points between the machines. 

4007 Double-Current Generator.—A double-current generator is a 
machine which supplies both direct and alternating currents from 
the same armature-winding. 

4008 Converter.—A converter is a machine which employs mechanical 
rotation in changing electric energy from one form into another. 
There are several types of converters, as defined in §§ 4009 to 
4013 below. 

4009 Direct-Current Converter.—A direct-current converter is a machine 
which converts from a direct current to a direct current, usually 
with a change of voltage. Such a machine may be either a motor- 
generator set or a dynamotor. 

4010 Synchronous Converter.—A synchronous converter (sometimes 
called a rotary converter) is a machine which converts from an 
alternating to a direct current, or vice-versa. It is a synchronous 
machine with a single closed-coil armature winding, a commutator 
and slip rings. 

4011 Cascade Converter.—A cascade converter (also called a motor 
converter) is a combination of an induction motor with a synchronous 
converter, the secondary circuit of the former feeding directly into 
the armature of the latter; i. e., a synchronous converter concatenated 
with an induction motor. 

4012 Frequency Converter.—A frequency converter is a machine 
which converts the power of an alternating-current system from one 
frequency to another, with or without a change in the number of 
phases, or in the voltage. 

4013 Rotary Phase-Converter.-A rotary phase-converter is a machine 
which converts from an alternating-current system of one or more 
phases to an alternating-current system of a different number of 
phases, but of the same frequency. 

4014 Phase Advancer.—A phase advancer is a machine which supplies 
reactive volt-amperes to the system to which it is connected. Phase 
advancers may be either synchronous or asynchronous. 

4016 Synchronous Condenser or Synchronous Phase Advancer.— 

A synchronous condenser or synchronous phase advancer is a syn¬ 
chronous machine, running either idle or with load, the field ex- 
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4026 Induction Generator.—An induction generator is a machine 
structurally identical with an induction motor, but driven above 
synchronous speed as an alternating-current generator. 

4027 Engine Type Generator. An engine ty.j>e generator is one 
coupled to an engine in such a way that it cannot be run in- 
dependently of the engine. 

4028 Unipolar or Acyclic Machine.—A unipolar, or acyclic machine, is 
a direct-current machine, in which the voltage generated in the 
active conductors maintains the same direction with respect to 
those conductors. 

Speed Classification of Motors. 

4036 Constant-Speed Motor—A constant speed motor is one whose 
speed is either constant or does not materially vary; such as a 
synchronous motor, an induction motor with small slip, and an 
ordinary direct-current shunt motor. 

« 

4036 Multispeed Motor (or Change Speed Motor).—A multispeed 
motor is a motor which can be operated at any one of several dis¬ 
tinct speeds C^hese speeds being practically independent of the 
load), but which cannot be operated at intermediate speeds. 

4037 Adjustable-Speed Motor.—An adjustable-speed motor is one 
in which the speed can be varied gradually over a considerable 
range, but when once adjusted remains practically unaffected by 
the load; such as a shunt motor designed for a considerable range 
of speed variation. 

4038 Base Speed of an Adjustable-Speed Motor.—The base-speed 
of an adjustable-speed motor is that speed of the motor obtained 
with full field under full load with no resistor in the armature circuit. 

4039 Varying-Speed Motor.—A varying speed motor is one whose 
speed varies with the load, ordinarily decreasing when the load 
increases; such as a series motor, a compound-wound motor, and 
a series-shunt motor. As a subclass of varying-speed motors, 
may be cited adjustable varying-speed motors, or motors in which 
the speed can be varied over a considerable range at any given 
load, but when once adjusted, varies with the load; e. g., compound- 
wound motors arranged for adjustment of speed by varying the 
strength of the shunt field. 

Classification of Rotating Electric Machines Relative to their Degree of 

Enclosure. 

4041 Open Machine.—An open machine is of either the pedestal- 
bearing or end bracket type where there is no restriction to venti¬ 
lation, other than that necessitated by good mechanical construction. 

4042 Protected Machine.—A protected machine is one in which the 
armature, field coils, and other live parts are protected mechanic¬ 
ally from accidental or careless contact, while free ventilation is 
not materially obstructed. 
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4043 Enclosed Ventilated Machine.—An enclosed ventilated (or semi- 
enclosed) machine is one in which the ventilating openings in the 
frame are protected with wire screen, expanded metal, or other 
suitable perforated covers, having apertures not exceeding square 
inch (3.2 sq. cm.f in area. See §4316. 

4044 Totally Enclosed Machine.—A totally enclosed machine is one 
so enclosed as to prevent circulation of air between the inside and 
the outside of the case, but not sufficiently to be termed air-tight. 

4046 Separately Ventilated Machine.—A separately ventilated machine 
has its ventilating air supplied by an independent fan or blower 
external to the machine. 

4046 Self-Ventilated Machine.—-A self-ventilated machine differs 
from a separately ventilated machine only in having its ventilating 
air circulated by a fan, blower, or centrifugal device integral with 
the machine. 

If the heated air expelled from the machine is conveyed away 
through a pipe attached to the machine, this should be so stated. 

4047 Water-Cooled Machine.—A water-cooled machine is one which 
mainly depends on water circulation for the removal of its heat. 

4048 Drip-Proof Machine.—A drip-proof machine is one so protected 
as to exclude falling moisture or dirt. A drip proof machine may 
be either open or semi-enclosed, if it is provided with suitable pro¬ 
tection integral with the machine, or so enclosed as to exclude 
effectively falling solid or liquid material. 

4061 Explosion-Proof Machine (or Flame-Proof Machine).—An ex- 
plosion-proof machine is a machine in which the enclosing case can 
withstand, without injury, any explosion of gas that may occur 
within it, and will not transmit the flame to any inflammable gas 
outside it. 

4062 Machine with Explosion-Proof Slip-Ring Enclosure.— A machine 
in which the slip rings and brushes alone are included within an 
explosion-proof case should not be described as an explosion-proof 
machine, but as a machine with explosion-proof slip-ring en 
closure. 

Classification of Alternating-Current Commutator Motors. 

(An alternating current commutator motor may be classified under more 
than one of the following groups.) 

Classification by Phases of Energy Supply. 

4061 Single-Phase Commutator Motor.—A single-phase commutator 
motor is one that receives the whole of its energy from only one 
phase of an alternating-current supply system, without requiring 
external phase-converting apparatus. 

4062 Polyphase Commutator Motor.—A polyphase commutator motor 
is one that receives its energy from a plurality of phases of an alter¬ 
nating-current supply system, or from a single-phase system through 
phase-converting apparatus external to the motor. 
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Classification by Speed Characteristics. 

4063 General.—For convenience, alternating-current commutator motors 
may be classified with reference to their speed characteristics as 
(1) constant-speed motors, (2) multi-speed, motors, (3) adjustable- 
speed motors, and (4) varying-speed motors. Definitions of these 
terms as given in §§ 4036 to 4039 for motors in general, should 
be adopted for alternating-current commutator motors, in so far 
as they are applicable. 

Classification by Excitation. 

4064 Stator-ExcUed Commutator Motor.->A stator-excited comma- 
tator motor is one in which the torque-producing field is due to a 
current in a winding located on the stator. By the “torque pro¬ 
ducing field is meant that component of the magnetic field which, 
with the in-phase component of the current, produces the torque 
of the motor. 

4066 Rotor-Excited Commutator Motor.—A rotor-excited commutator 
motor is one in which the torque-producing field is due to a current 
in a winding located on the rotor. See §4064. 

4066 Stator- and Rotor-Excited Commutator Motor.—A stator- and 
rotor-excited commutator motor is one in which the torque pro¬ 
ducing field is due to currents in windings located on the stator and 
on the rotor. See §4064, 

4067* Constant-Field Commutator Motor.—A constant-field commu¬ 
tator ^ motor is one in which the torque-producing field remains 
practically constant, independent of the load. See §4064. 

4068* Varying-Field Commutator Motor.—A varying-field commutator 
motor is one in which the torque-producing field varies in some pro¬ 
portion with the current in the armature (which latter is generally 
the rotor.) See §4064. 

Classification by Neutralization and Compensation. 

4069 Neutralized Commutator Motor.—A neutralized commutator 
motor is one in which use is made of a winding for producing a 
magnetizing force which at each instant and at each point in the 
air-gap under the pole face is practically equal and opposite to the 
magnetizing force due to the armature current. 

4070 Compensated Commutator Motor.—A compensated commutator 
motor is one in which means, other than a neutralizing winding, 
are provided within the motor for improving the power-factor. 

Classification by Energy Reception 

4071 Conduction Commutator Motor.—A conduction commutator 
motor is one in which the working energy is supplied to only one 

(4067) Alternating-current commutator motors of this class will in general have 
load-speed characteristics similar to those of the direct-current shunt motor, but not all 
alternating-current commutator motors having such load-speed characteristics are con¬ 
stant-field machines. 

(4068) ^ Such a motor will in general have load-speed characteristics similar to those 
of the direct-current series motor. 
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€)f the menil:)ers, and is eonveyei! to it !>y condiii-iin!!. Ih' ‘'work¬ 
ing energy” is meant the enra’gy whitdi is direi'lJy estnvrrtrd iiito 
mechanical energ\% and wdiieh im-ludcs ilie shaft en<'!‘yy soiiyut 
|)ius core losses ami friciion. 

4072 Transformer Commutator Motor. "A iranstorfiier mnnautatoi 
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meinher to the other hy transtormcr actiun, 

A motor in which tin* energy required hy its aiauaturc ^wlcch is 
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duction motor” is usually afghied to a motor without a ctunuiutatfus 
The term “transformer commutator m<jtnr” i:. fliereloic 
mended for use with molcn's of ilic induction, or tram-!'irna*r tvpe, 
lia ving CO rnniu t ators. 

4073 Transformer-Conduction Commutator Motor. A Ir.tn >h»iaritn* 

conduction commutator motor is one in whii'h the tuicrgy ref|mrisi 
by its armature (which is generally the rotor) i:; coma*yed to it 
both conduction and electromagm'tic induclifUi. 

4074 Repulsion Commutator Motor.- A repu!:;a-MU cr-u-rimiifalca- 
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Miscellaneous D efinitions 

4086 Saturation Factor.—The saturation factor of a machine is, the 
ratio of a small percentage increar.e in he!*l excitation to tin* i or> 
responding percentage increase in voltage tliereliy prodmed. rn» 
less otherwise speeilied, tin* s;aturation factor tif a m;n hine refer?; 
to the nr^doad exidtation iaa'piired. at normal rated ;;peed and voltage. 
It is determined from rneasnrtunents of saturation mado mi open 
' circuit at rated speed. 

4086 Percentage Saturatiorr. I'lie iiercentage :;aturatifm of a machine 
at any excitation may be found from it!; ;;aturatif'»n curve fgonorated 
voltage as ordinate.s, against excitation a:; ab-ad;;sash bv draaving 
a tangent to the curve at the ordinate corresfionding to tise as- 
signed excitation, and extending the tangent to interoopt thr axis 
of ordinates drawn through the origin. The ratio of the intm't<*pt 
on this axis to the ordinate at tlie as.signed <*xeit.ation, when ex^ 
pres.sed in per cent, is the percentage .saturation, and i?; indt*peudent 
of the .scales selected for excitation and voltage. Thi*, ratio a, a 
fraction, is equal to the reciprocal of the. saturation factor at fhe 
same excitation, deducted from unity; fir, if / be the ?:atur,ation 
factor and p the percentage saturation, 
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4088* Variation in Alternators.—The variation in alternators, or 
alternating-current circuits in general is the maximum angular 
displacement, expressed in electrical degrees (see §3222) of cor¬ 
responding ordinates of the voltage wave and of a wave of 
absolutely constant frequency equal to the average frequency of 
the alternator or circuit in question, and may be due to the varia¬ 
tion of the prime mover. See §§ 14010 and 14011. 

4089 Per cent Resistance Drop.—The per cent resistance drop in an 
electric machine is the ratio of the internal resistance drop at 75° C. 
to the terminal voltage expressed in per cent. 

Unless otherwise specified this per cent drop shall be referred to 
rated load and rated power factor. 

The per cent resistance drop in an induction motor is expressed 
in terms of the internally induced electromotive force. 

4090 Per cent Reactance Drop.—The per cent reactance drop in an 
. electric machine or apparatus is the ratio of the internal reactance 

drop to the terminal voltage, expressed in per cent. 

Unless otherwise specified this per cent drop shall be referred to 
rated load and rated power factor. 

The per cent reactance drop in an induction motor is expressed 
in terms of the internally induced electromotive force. 

4091 Per cent Impedance Drop.—The per cent impedance drop in an 
electric machine is the ratio of the internal impedance drop at 75° C. 
to the terminal voltage, expressed in per cent. 

Unless otherwise specified this per cent drop shall be referred to 
rated load and rated power factor. 

The per cent impedance drop in an induction motor is expressed 
in terms of the internally induced electromotive force. 

4092 Magnetic Degree.—A magnetic degree is the 360th part of the 
angle subtended, at the axis of a machine, by a pair of its field poles. 
One mechanical degree is thus equal to as many magnetic degrees as 
there are pairs of poles in the machine. 

4094 Regulation of D-C. Generators.—The regulation of a d-c. genera¬ 
tor is usually stated by giving the numerical values of the voltage 
at no load and rated load, and in some cases it is advisable to state 
regulation at intermediate loads. The regulation of d-c. generators 
refers to changes in voltage corresponding to gradual changes in 
Toad, and does not relate to the comparatively large momentary 
fluctuations in voltage that frequently accompany instantaneous 
changes in load. 

4096 Regulation of Constant-Potential A-C. Generators.—In con¬ 
stant-potential a-c. generators, the regulation is the rise in voltage 
(when the specified load at specified power factor is reduced to zero) 
expressed in per cent of normal rated-load voltage. 

4096 Regulation of Constant-Current Machines,—In constant-current 
machines the regulation is the ratio of the maximum difference of 

(4088) If p is the number of pairs of poles, the variation of an alternator is p times 

the variation of its prime mover, if direct-connected, and pn times the variation of the prime 

mover if rigidly connected thereto in such a manner that the angular speed of the alternator 

is n times that of the prime mover. 
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current from the rated-load value (occurring in the range from 
rated-load to short-circuit, or minimum limit of operation), to the 
rated-load current. 

4097 Regulation of Constant-Speed Motors.-In constant-speed direct- 
current motors and induction motors, the regulation is the ratio of 
the difference between full-load and no-load speeds to the no-load 
speed. 

4098 Regulation of Converters, Dynamotors, Motor-Generators and 
Frequency Converters—In converters, dynamotors, motor-genera¬ 
tors, and frequency converters, the regulation is the change m the 
terminal voltage of the output side between the two specified loads. 
This may be expressed by giving the numerical values, or as the 
percentage of the terminal voltage at rated load. 


OPERATION 
Temperature Limits 

4106 Exceptions to General Temperature limits Given in Chapter II.— 

(a) Railway Motors: See §§6202 and 6101. 

(b) Automobile Propulsion Machines: See §6206. 

(c) Railway Substation Machines: See §§6201 and 6102. 

(d) Squirrel Cage and Amortisseur Windings. The temperature 
may attain any value such as will not occasion mechanical injury to 
the machine. 

(e) Field Control Railway Motors: See §6204. 

4106 Collector Rings.—The observable temperature of collector rings 
shall not be permitted to exceed the values set forth in §2231 (c) 
for the insulations employed either in the collector rings themselves 
or in adjacent insulations whose life would be affected by the heat 
from the collector rings. 

4107 Commutators.—The observable temperature shall in no case be 
permitted to exceed the values given in §2231 (c) for the insulation 
employed either in the commutator or in an insulation whose life 
would be affected by the heat of the commutator. These tempera¬ 
ture limits are intended only to protect the insulation of the com¬ 
mutator and of the adjacent parts and are not intended as a criterion 
of successful commutation. 

4108 Cores.—The observable temperature of those parts of the iron 
core in contact with insulating materials shall in no case be permitted 
to exceed the values given in §§2231 (c) for the insulation employed. 

4109 Other Parts, (Such as Brush-Holders, Brushes, Bearings, Pole- 
Tips, Cores, etc.)—All parts of electrical machinery other than those 
whose temperature affects the temperature of the insulating material 
may be operated at such temperatures as shall not be injurious in 
any other respect. 

4110 Maximum Temperature Rise in Service.—Whatever may be the 
ambient temperature when the machine is in service, the limits of 
the maximum observable temperature or of temperature rise specified 
in the rules should not be exceeded in service; for, if the maximu m 
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temperature be exceeded, the insulation may be endangered, and if 
the rise be exceeded, the excess load may lead to injury, by exceeding 
limits other than those of temperature; such as commutation, stalling 
load and mechanical strength. For similar reasons, loads in excess 
of the rating should not be taken from a machine. 

RATING 

Units in Which Rating Shall be Expressed 

4220 Rating of D-C. Generators.—The rating of direct-current gen¬ 
erators, shall be expressed in kilowatts (kw.) available at the termi¬ 
nals at a specified voltage. 

4221 Rating of Alternators.—The rating of alternators shall be expressed 
in kilovolt-amperes (kv-a.) available at the output terminals, at a 
specified voltage and power factor. 

4222'" Rating of Motors.—It is strongly recommended that the rating 
of motors shall be expressed in kilowatts (kw.) available at the shaft. 
(An exception to this rule is made in the case of railway motors, 
which, for some purposes, are also rated by their input. See §6203. 
4223 Rating of Auxiliary Machinery.—^Auxiliary machinery, such as 
regulators, balancer sets, synchronous-condensers, etc., shall have 
their ratings appropriately expressed. It is also essential to specify 
the voltage (and frequency, if a-c.), of the circuits on which the 
machinery may appropriately be used. 

Limitations other than Temperature Rise 
4260* Mechanical Limitations.—* (a) Genet ah All types of rotating 
machines shall be so constructed that they will safely withstand 
an over-speed of 25 per cent, except in the case of steam turbines, 
which, when equipped with emergency governors, shall be constructed 
to withstand 20 per cent over-speed. 

(h) Generators: Water-wheel generators shall be constructed for 
the maximum runaway speed which can be attained by the combined 
unit. 

(c) Motors: Motors for continuous service shall, except when 
otherwise specified, be required to develop running torque at least 
175 per cent of that corresponding to the running torque at their 
rated load, without stalling. Obviously, duty-cycle machines must 
carry their peak loads without stalling. 

(4222) Since the input of machinery of this class is measured in electrical units and 
since the output has a definite relation to the input, it is logical and desirable to measure 
the delivered power in the same units as are employed for the received power. There¬ 
fore, the output of motors should be expressed in kilowatts instead of in horse power, 
However, on account of the hitherto prevailing practise of expressing mechanical output 
in horse power, it is recommended that for machinery of this class the rating should, for 
the present, be expressed both in kilowatts and in horse power; as follows: 

-—Approx, equiv. h.p.~- 

For the purposes of these rules the horsepower shall be taken as 746.0 watts. 

In order to lay stress upon the preferred future basis, it is desirable that on rating 
plates, the rating in kilowatts shall be shown in larger and more prominent characteri 
than the rating in horse power. 

One kilowatt is equal to 102 kilogrammeters per second. 

(4250-a) In the case of series motors, it is impracticable to specify percentage values 
or the guaranteed overspeed, on account of the varying service conditions. 






1614 


STANDARDS OF THE A. L E. E. 


4261 Commutation Limitations.— (a) Continuously Rated Machines: 
Continuously rated machines shall be required to commutate suc¬ 
cessfully momentary loads of 150 per cent of the amperes correspond¬ 
ing to the continuous rating, keeping the rheostat set for rated load 
excitation. Successful commutation is such that neither brushes 
nor commutator are injured by the test. See §§2220 and 6203. 

(6) Machines for Duty-Cycle Operation: Machines for duty-cycle 
operation with widely fluctuating loads, shall commutate success¬ 
fully under their specified operating conditions. See §§2222 and 
2223. 

4262 Limitations of Stability.—Continuously rated machines shall be 
required to carry momentary loads of 150 per cent of the amperes 
corresponding to the continuous rating, keeping the rheostat set for 
rated load excitation. 

In the case of direct-connected generators, this clause is not to 
be interpreted as requiring the prime mover to drive the generator 
at this overload. 

TESTS 

Ambient Temperature 

4300 Measurement of the Ambient Temperature During Tests of 
Machines.—(See §2300) (a) Machines Cooled by Forced Draught: In 
the testing of rotating machines, cooled by forced draught, a conven¬ 
tional weighted mean shall be employed, a weight of four being given 
to the temperature of the circulating air supplied through ducts and 
a weight of one to the surrounding room air. See §2300 Note. 

(b) Machines Below Floor Line: Where machines are partly 
below the floor line in pits, the temperature of the rotor shall be 
referred to a weighted mean of the pit and room temperatures, the 
weight of each being based on the relative proportions of the rotor 
in and above the pit. Parts of the stator constantly in the pit shall 
be referred to the ambient temperature in the pit. 

Machine Temperatures 

4316 Machines with Small Ventilating Apertures.—Machines having 
ventilating openings smaller than 0.02 sq. in. (0.13 sq. cm.) in 
area, when intended to be operated in locations or under conditions 
where the openings are liable to become clogged, should be con¬ 
sidered as totally enclosed machines and tested as such with 
openings closed, and in all cases the rating on this basis should be 
indicated on the rating plate. 

4319 Exception to Temperature Limits Used in Method 1.—In the 

case of enclosed motors and generators, the limits of the observable 
temperature rise shall be 5°C. higher than allowed by the general 
rule. This rule does not apply to those types of machines defined 
in §§ 4043, 4046 and 4046. 

4320 Exception to Temperature Limits Used in Method 2.~~-In the 
case of enclosed motors and generators, the limits of the observable 
temperature rise shall be 5°C. higher than allowed by the general 
rule. This rule does not apply to those types of machines defined 

in §§. 4043, 4046 and 4046. 
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4321 Method of Temperature Measurement Used in Determining 
Temperature of Stators of Machines.—Method 3 should be 
applied to all stators of machines with cores having a width of 50 cm. 
(20 in.) or over. It should also be applied to all machines of 5000 
volts or more, if rated over 500 kv-a., regardless of core width. 

Efl&ciency 

4334* Classification of Losses.—Losses are classified as shown in Table 
401. 

4336 Losses to be Considered in Machines.—Conventional efficiencies 
shall be based upon the losses listed in Table 402, and these losses 
shall be measured as specified in §§4336-4342 inclusive. 


TABLE 401 

Classification of Losses in Machinery 


Accurately Measurable 

Approximately 
Measurable or 
Determinable 

Indeterminable 

No-load core losses 
including eddy- 

current losses in 
conductors at no- 
load 

Brush Friction loss 

Iron loss due to flux 
distortion 

Load P R losses in 
windings 

No-load P R losses 
in windings 

Brush-contact loss 

Eddy-current losses 
in conductors due 
to transversefluxes 
occasioned by the 
load currents 


Losses due to 
windage and to 
bearing friction 

Eddy-current 1 o s- 
ses in conductors 
due to tooth sat¬ 
uration resulting 
from distortion of 
the main flux 


~T-- 

Tooth-frequency los¬ 
ses due to flux 
distortion under 
load 


Dielectric losses 

Short-circuit loss of 
commutation 


(4334) The losses in constant-potential machinery, either of the stationary type, or of 
the constant-speed rotary type, are of two classes; namely, those which remain substantially 
constant at all loads, and those which vary with the load. The former include iron losses, 
windage and friction, also R losses in any shunt windings. The latter include R 
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4336 P R Loss, (a) General: The PR loss shall be based upon the 
current and the measured resistance. 

(&) Polyphase Induction-Motor Rotor: The PR loss in the rotors 
of polyphase induction motors should be determined from the slip^ 
whenever the latter is accurately determinable, using the following 
equation: 


Rotorloss = 

1— slip 

TABLE 402 

Losses in Rotating Electric Machines 


(References are to Sections) 



72 R 

Loss 

Windings 

Friction 

and 

Windage 

Brush 

Friction 

Core 

Loss 

Brush 
Contact 
R Loss 

Stray 

Load 

Losses 

D-C commutat- 





4341 


ing machines 

4336(a) 

4337(a) 

4338 

4339 

5341 

Note 5 

(Note 1) 







A-C commutat- 






Note 5 

ing machines 

4336(a) 

4337(a) 

4338 

4339 

4341 

5339 

(Note 1) 







Railway motors 

4336(a) 

5337 

5338 

5339 

4341 

Notes 



5338 

5339 



5339 

Synchronous 







motors and gen¬ 

4336(a) 

4337(a) 

4338 

5339 

4341 

4342(b) 

erators (Note 4) 



Note 3 

4339 

Note 3 


Synchronous 

4336(c) 

4337(a) 

4338 

4339(a) 


Note 5 

converters 




4339(b) 



Induction 

4336(b) 

4337(a) 

4338 

4339(a) 

4341 

4342(b) 

machines 




4339(c) 

Note 2 



Notes:—( 1 ) Except railway motors. 

(2) When there are collector rings. 

(3) Brush friction and brush contact losses are negligible except in the case of 
revolving armature machines. 

(4) For the booster type of synchronous converter, where the booster forms an 
integral part of the unit, its losses shall be included in the total converter losses in 
estimating the efficiency, 

(5) These losses, while usually of low magnitude, are erratic, and the Institute 
is not at this time prepared to make recommendations for approximating them. 

losses in series windings. The constant losses may be determined by meas-uring the power 
required to operate the machine at no load, deducting any series R losses. The variable 
loss at any load may be computed from the measured resistance of the series windings and 
the given load current. 

(4335) This simple method of determining the losses and hence the efficiency is only 
approxiinate, since the losses which are assumed to be constant do actually vary to some 
extent with the load, and also became the actual loss in the copper windings is sometimes 
appreciably greater than the calculated R loss. The difference between the approximate 
losses, as above determined, and the actual losses, is termed “stray load losses.” These 
latter are due to distortions in electric or magnetic fluxes from their no-load distributions or 
va ues. brought about by the load current. They are usually only approximately measur¬ 
able, or may be indeterminable, but certain of them reach values in various kinds of ma¬ 
chinery. which require that they should be taken into account. 

Dielectric losses are usually negligible. 

The stray load losses include the items in the column of Table 401 headed “Indeter- 
minable” but do not include the increased core losses due to increased excitation for 
compensating internal drop under load. 




ROTATING MACHINES 


1617 


In large slip-ring motors, in which the slip cannot be directly 
measured by loading, the rotor I^R loss shall be determined by 
direct resistance measurement; the rotor full-load current to be 
calculated by the following equation: 

^ . watts output 

Current per ring == --—-£-- 

rotor voltage at stand-still X V 3 X iC 

This equation applies to three-phase rotors. For rotors wound 
for two phase, use 2 instead of the VF. K may be taken as 0.95 
for motors of 150 kw. or larger. The factor K usually decreases as 
the size of motor is reduced, but no specific value can be stated for 
smaller sizes. 

(c)^ Synchronous Converter: The PR losses in the armature 
winding shall be derived from those corresponding to its use as a 
direct-current generator, by using suitable factors. 

4337 Bearing Friction and Windage.—(a) General: Drive the machine 
from an independent motor, the output of which shall be suitably 
determined. The machine under test shall have its brushes removed 
and shall not be excited. This output represents the bearing friction 
and windage of the machine under test. 

(i) Induction Motors: The bearing friction and windage of in¬ 
duction motors may be measured by running motors free at the 
lowest voltage at which they will rotate continuously at approxi¬ 
mately rated speed; the watts input, minus PR loss, under these 
conditions being taken as the friction and windage. 

{c) Engine-Type Generators: In the case of engine-type gener¬ 
ators, (See §4027) the windage and bearing friction loss is ordinarily 
very small, amounting to a fraction of one per cent of the output. This 
loss shall be neglected owing to its small value and the difficulty 
of measuring it. 

{d) D, C. Railway Motors: See §5337. 

4338 Brush Friction of Commutator and Collector Rings.— (a) General: 
Drive the machine from an independent motor, the output of which 
shall be suitably determined. The brushes shall be in contact with 
the commutator or collector rings, but the machine shall not be 
excited. The difference between the output obtained in the test 
in §4337 and this output shall be taken as the brush friction. The 
surfaces of the commutator and brushes should be smooth and glazed 
from running when this test is made. 

{h) D. C. Railway Motors: See §5338. 

4339 Core Losses.—(a) General: Drive the machine from an inde¬ 
pendent motor, the output of which shall be suitably determined* 
The brushes shall be in contact, and the machine shall be excitedf 
so as to produce at the terminals a voltage corresponding to the 
calculated internal voltage for the load under consideration. The 
difference between the output obtained by this test and that ob¬ 
tained by test under §4338 {a) shall be taken as the core loss. 

{h) Synchronous Machines: The internal voltage of synchronous 
machines shall be determined by correcting the terminal voltage 
for the resistance drop only. 
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4343 Miscellaneous Losses.—(a) Field-Rheostat Losses: Field-Rheostat 
losses shall be included in the generator losses where there is a field 
rheostat in series with the field magnets of the generator, even 
when the machine is separately excited. 

(6) Ventilating Blower: When a blower is supplied as part of a 
machine set, the power required to drive it shall be charged against 
the complete unit, but not against the machine alone. 

(c) Other Auxiliary Apparatus: Auxiliary apparatus, such as a 
separate exciter for a generator or motor, shall have its losses charged 
against the plant of which the generator and exciter are a part, and 
not against the generator. An exception should be noted in the 
case of turbo-generator sets with direct-connected exciters, in which 
case the losses in the exciter shall be charged against the generator. 
The actual energy of excitation and the field-rheostat losses, if any 
shall be charged against the generator. See §4343 (a). 

Wave Shape 

4361 Deviation Factor of a Wave.—The deviation factor of the open cir¬ 
cuit terminal voltage wave of synchronous machines shall not ex¬ 
ceed ten per cent unless otherwise specified. See §3274. 

4362* Telephone Interference Factor of a Wave. (For trial only.) 
(See §3278.)— {a) Conditions of Test. The weighting of the sine 
wave components of different frequencies shall be as given in Fig 
4—1. 



The telephone interference factor of a voltage wave, corresponding 
to this weighting, may be measured by the use of the network shown 
in Pig. 4—2. 
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Ci=0.9mf. 
Ci=0.9 “ 

Cl =7.5 “ 


Network Constants 


±0.5% 


£i = 0.023 henry 
=0.0205 “ 

2-8 = 0.068 “ 
2,1=0.019 “ 

Fig. 4-2 


±0.5% 


2?i= 5 ohms ±2% 

F2 = 12 « ±2% 

^3=73 “ ±1% 

Fi=22.5 “ ±2% 

J?6=43 “ ±1% 


With this network the telephone interference factor of a voltage 
wave IS the ratio of the current I in micro-amperes in the meter branch 
of the network to the voltage E applied to the external terminals 
of the network. The measurement may be made on the low 
tension side of a potential transformer. A sensitive vacuum thermo- 

Tavfl^'T a direct-current mil-ammeter 

have been found convenient for measuring the current 

facVi appropriate limiting value of the telephone interference 
factor of a wave (See §3278), either for machines or for circuits 
has not yet been determined, and cannot now be specified The 

S?r,owl '' including reasonable requirements for 

both power and communication systems, is under discussion in 
consultation with power, telephone, and other interests conned. 

Tests of Dielectric Strength 

4358 Frequency of Test Voltage.-In d-c. machines, and in general 
commercial application of a-c. machines, the testing frequency of 
60 cycles per second is recommended. ^ 

M 23se. 

”” 

Field .riodtaes 

Of synchronous machines including motor., ar-i - 

are to be started wfti, ou- ^ “motors and converters which 

- follows: 

fieW windings shall be tested as specified in tfeMa) 

with fields onen Luhed .rd „ 

tested as Lch. as part of the armature drouit and 
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ro'oSr" •>»>■ b. us..d 

..n'llT.rifsiji wM, 

with 5000 volts for less than 27^1 xml?’ shall be tested 

excitation of 275 vdTs 8000 volts for 

*(c) Phase-Wound Rotors oj Induction Motor- T1.p ^ 
windings of wound rotors of induction motorc ci, ii 
twice their normal induced voltage plus 1000 volts^ 
motors with phase-wound rotors ar^to be 

at approximately normal speed, by reversine the n ^'inning 

,o„. i/rrLtrsrpra 

such as fractional horse power motors, and intended solely for ov&tsl'- 
900 voU^^^ ^ exceeding 275 volts, shall be tested with 

(e) Alternatine Current Machines Connected to Permanently. 
Grounded Srngle-Phase Systems: Alternating current macWrs col 
nested to permanently grounded single-phase systems, for use on 
permanently grounded circuits operating at more than 300 volts 
Susioon U 2.73 times the voltage of the circuit to ground 
gtLdld sr neufab with 

*(f) Machines for Use on Circuits of 25 Volts or Lower: Machines 
for use on circuits of 25 volts or lower, such as bell ringing apparatus 
electric machines used in automobiles, machines used on low^voltage 
battery circuits, etc., shall be tested with 500 volts. 

Regulation 

4390 Conditions for Tests of Regulation (See §2390).-(a) Power 
Factory In alternating current generators the power factor of the 
load to which the regulation refers should be specified. Unless 
otherwise specified, it shall be understood as referring to non- 
inductive load, that is, to a load in which the current is in phase 
With the e. m, f. at the terminals of the machine. 

(b) Excitation: In communtating machines, rectifying machines 
and synchronous machines, the regulation shall be determined under 
such conditions as to maintain the field adjustment constant at 
a value which gives rated-load voltage at rated-load current These 
conditions are as follows: 

In the case of separately excited fields: constant excitation. 

In the case of shunt machines: constant resistance in the shunt- 
held circuit. 

In the case of series or compound machines: constant resistance 

shunting the series field windings. 

4394* Tests and Computation of Regulation of A-C. Generators.—-(a) 
- . ^'^o-i^a-ble: The regulation of alternating-current gen- 

ciitif hTre uieant the voltage between slip rings on open 

^ f ^ ^ normal voltage impressed on the primary. 

(4361-/) The present National Electrical Code limit for a single outlet is 660 watts. 
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erators may be determined by any one of the three following 
methods, which are given in the order of preference: 

(b) Method L By Loading: The regulation can be measured 
directly, by loading the generator at the specified output and power 
factor, then reducing the load to zero, and measuring the terminal 
voltage, with speed and excitation adjusted to the same values 
as before the change. This method is not generally applicable for 
shop tests, particularly on large genera^tors and it becomes necessary 
to determine the regulation from such other tests as can be readily 
made. 

*(c) Method 11. From Test Curves: This method consists in 
computing the regulation from experimental data of the open- 
circuit saturation curves and the zero-power-factor saturation 
curve. The latter curve, or one approximating very closely to 
it, can be obtained by over-exciting the generator while ca r rying 

(4394-c) Method II for deducing the load saturation curve, at any assigned power 
factor, from no-load and zero power-factor saturation curves obtained by test, must be 
regarded as empirical. Its value depends upon the fact that experience has demonstrated 
the reflRnnabIft correctness of the results obtained bv it. 



Fig. 4-4 


Fig. 4-5 
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a load of idle-running under-excited synchronous motors The 
power factor under these conditions is very low and The Toad laT 

points for the load saturation curve for any spTTfied'pTTer 
can be obtained by means of vector diagrams. ^ “ 

*(d) Method III. From Estimated Zero Power Fortnr r 

aTTT M'ettT\rS“' '"'=tor cmTe 

_ Method II this curve can be estimated closely from Open- 

Tat iTorweTffr °"“h 

any given excitation 0 c. the voltage that would be induceron open 0 °^“^ v* 

terminal voltage at zero power factor id /-a an circuit is c a, the 

minal voltage c d at any other power factor can then be founT bT 

as in Pig. 4-4. where , is an angle such that cosT is the power aTonArT-'TTT 
resistance drop (4 R) in the stator winding, b a tL total internal ^ * ' ‘‘'® 



Fig. 4-6 


rf ™nT ^ * P>e- 4-4. which when laid off in Pig. 4 3 

gives point d. By finding a number of such points, the curve B d d' for power factor cos 4 

is obtained and the regulation at thi.s power factor (expressed in per cent) is ^ 

TiTge ^ »^°nnal 

‘T °’™'° f™'* “S it has little influence on the regulation, 

except m very low-speed machines where the armature drop is relatively high or in some 
regulation at unity power factor is being estimated. For low power factors 

Fte 4-5, ‘mayTfuier the simpler diagram 

mlTbMV “ ““P‘ ‘hat the zero power factor curve 

must be estimated. This may be done as follows. In Fig. 4-6, OA is the open-oircuit saturation 
curve and 0£. the short-circuit line as obtained from test. The zero power-factor curve 
corresponding to any current li F will start from point U. and for machines designed with 
low saturation and low reactance, will follow parallel to 0 A as shown by the dotted curve 
B D. which IS 0 .4 shifted horizontally parallel to itself by the distance 0 B. In high speed 
machines, or in others having low reactance, and a low degree of saturation in the magnetic 
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circuit and short-circuit curves, by reference to tests at zero power 
factor on other machines of similar magnetic circuit. Having 
obtained the estimated zero power-factor curve, the load saturation 
for any other power factor is obtained as in Method II, §4394 (c). 
4395 Compound Wound D-C. Generator.—In determining the regu- 
ulation of a compound-wound d-c generator, two tests shall be made, 
one bringing the load down and the other bringing the load up, 
between no-load and rated load. These may differ somewhat, owing 
to residual magnetism. The mean of the two results shall be used. 
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circuit, the zero power factor curve will be quite close to B D particularly in those parts that 
are used for determining the regulation. This is the case with many turbo-generators and 
high-speed water-wheel generators. 

In many cases, however, the zero power-factor curve will deviate from B D, as shown by 
B C and the deviation will be most pronounced in machines of high reactance, high satura¬ 
tion and large magnetic leakage. The position of curve B C with relation to B D can be 
approximated with sufficient exactness by investigating the corresponding relation as 
obtained by test at zero power factor on machines of similar characteristics and magnetic 
circuit. Curve B C can also be calculated by methods based on the results of tests at 
zero power factor. After curve B C has been obtained, the load saturation curve and 
regulation for any other power factor can be derived as in Method II, §4394 (c). 
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CHAPTERfV. 


STANDARDS FOR ELECTRIC RAILWAYS AND FOR 
AUTOMOBILE PROPULSION MACHINES 

P Electric Railways and for Automobile 

Propulsion Machines are the General Standards shown in Chapters II 
and III, and the Standards in other Chapters which are applicable to the 
_de^ces involved together with the modifications and extensions given 
in tins Unapter. ^ 


DEFINITIONS 

General 

BOOO Contact Conductors.—A contact conductor is that part of the dis¬ 
tribution system other than the traffic rails, which is in immediate 
electrical contact with the circuits of the cars or locomotives 


Contact Rails 

6003* Contact Rail, (a) General: A contact rail is a rigid contact 
conductor. 

(b) Overhead Contact Rail: An overhead contact rail is a 
contact rail which is above the elevation of the maximum 
equipment line. 

^ (c) Third Rail: A third rail is a contact conductor placed at 
either side of the track, the contact surface of which is a few 
inches above the level of the top of the track rails. 

(d) Center Contact Rail: A center contact rail is a contact 
conductor placed between the track rails, having its contact 
surface above the ground level. 

(e) Underground Contact Rail: An underground contact rail 
is a contact conductor placed beneath the ground level. 

(f) Gage of Third Rail: The gage of a third rail is the distance, 
measured parallel to the plane of running rails, between the 
gage line of the nearer track rail and the inside gage line of the 
contact surface of the third rail. 

(g) Elevation of Third Rail: The elevation of a third rail is 
the elevation of the contact-surface of the third rail, with respect 
to the plane of the tops of running rails. 

(h) Third Rail Protection: A third rail protection is a guard 
for the purpose of preventing accidental contact with the third 
rail. 


Trolley Wires 

6004 Trolley Wire.—A trolley wire is a flexible contact conductor, 
customarily supported above the cars. 

(5003b) The maximum equipment line is the contour which embraces cross-sections of 
all rolling; stock under all normal operating conditions. 
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6006 Messenger Wire or Cable.—A messenger wire or cable is a wire 
or cable running'along with and supporting other wires, cables or 
contact conductors. 

A primary messenger is directly attached to the supporting system, 

A secondary messenger is intermediate between a primary messenger 
and the wires, cables or contact conductors. 

5006 Classes of Construction.—(a) General'. Overhead trolley construc¬ 
tions are classed as Direct Suspension and Messenger or Catenary 
Suspension. ^ 

(b) Direct Suspension: A direct suspension is the form of 
overhead trolley construction in which the trolley wires are 
attached, by insulating devices, directly to the main supporting 
system. 

(c) Messenger or Catenary Suspension: A messenger or caten¬ 
ary suspension is the form of overhead trolley construction in 
which the trolley wires are attached, by suitable devices, to one 
or more messenger cables, which in turn may be carried either 
in Simple Catenary, i.e., hy primary messengers, or in Compound 
Catenary, i.e., by secondary messengers. 

6007 Supporting Systems.—(a) General: Supporting systems for 

trolley wires shall be classed as follows: 

(b) Simple Cross-Span Systems: Simple cross-span systems 
are those having at each support a single flexible span across 
the track or tracks. 

(c) Messenger Cross-Span Systems: Messenger cross-span 
systems are those having at each support two or more flexible 
spans across the track or tracks, the upper span carrying part 
or all of the vertical load of the lower span. 

(d) Bracket Systems: Bracket systems are those having at 
each support an arm or similar rigid member, supported at 
only one side of the track or tracks. 

(e) Bridge Systems: Bridge systems are those having at each 
support a rigid member, supported at both sides of the track- 
or tracks. 

6030* Transmission System.—When the current generated for an 
electric railway is changed in kind or voltage, between the generator 
and the cars or locomotives, that portion of the conductor system 
carrying current of a kind or voltage substantially different from 
that received by the cars or locomotives, constitutes the trans¬ 
mission system. 

6031* Distribution System.—That portion of the conductor system 
of an electric railway which carries current of the kind and voltage 
received by the cars or locomotives, constitutes the distribution 
system. 

(5030 and 5031) These definitions are identical in sense, although not in words, with . 
those of the Interstate Commerce Commission, as given in their Classification of Accounts 
for Electric Railways. 
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5032 Substation.—A substation is a group of apparatus or machinery 
which receives current from a transmission system, changes its 
kind or voltage, and delivers it to a distribution system. 

OPERATION 
Temperature Limits 

6101* Railway Motors in Continuous Service.—The following maximum 
observable temperatures are permissible in the windings of railway 
motors, when in continuous service. 


TABLE 601 

Temperatures of Railway Motors in Continuous Service. 


Class 

of Material 

Temperature 

See §1004 

By 

Thermometer 
See §1002 

By 

Resistance 
See §1002 

A 

85°C 

UO^C 

B 

100°C 

130®C 


6120 Railway Substation Machines and Transformers.—Under con¬ 
ditions specified in §6201, the windings of railway substation machines 
and transformers carrying traction loads may have observable 
temperature rises 5”C in excess of the limiting observable tem¬ 
perature rises specified in Table 200. 

6130* Automobile Propulsion Machines.—On stand test, the observahh 
temperature rises shall not exceed the limits specified in §6206, 

RATING 

Ratings of Railway Substation Machinery and Transformers. 

6201* Nominal Rating of Railway Substation Machines and Trans¬ 
formers. The nominal rating of a substation machine or trans¬ 
former carrying traction loads shall be the kv-a. output at a stated 
power factor input, which, having produced a constant temperature 
in the machine or transformer may be increased 50 per cent for two 
hours, without producing temperature^ rises exceeding by 
more than 5°C. the limiting values given in Table 200. These 

(5101) Under extreme ambient temperatures it is permissible to operate, for short 
infrequent periods, at 15®C. higher temperature than specified in this rule. 

(olOl and 6130) Owing to space limitations and the cost of carrying dead weight on 
vehicles, it it considered good practise to operate propulsion machinery at higher 
temperature! than would be advisable in stationary machines. (See Table 601). 
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machines or transformers should be capable of carrying a load of 
twice their nominal rating for a period of one minute, without dis¬ 
qualifying them for continuous service. The name plate should 
be marked “nominal rating.” 

Ratings of Railway Motors 

6202* Nominal Rating of Railway Motors.—The nominal rating of a 
railway motor shall be the mechanical output at the car or locomotive 
axle, measured in kilowatts, which causes a rise of temperature above 
the surrounding air, by thermometer, not exceeding 90°C. at the 
commutator, and 75°C. at any other normally accessible part after 
one hour’s continuous run at its rated voltage (and frequency in the 
case of an alternating-current motor) on a stand with the motor 
covers arranged to secure maximum ventilation without external 
blower. The rise in temperature as measured by resistance, shall 
not exceed 100®C. The statement of the nominal rating shall 
include the corresponding voltage and armature speed. 

6203* Continuous Ratings of Railway Motors.—The continuous ratings 
of a railway motor shall be the inputs in amperes at which it may be 
operated continuously at % and full voltage respectively, without 
exceeding the observable temperature rises specified in Table 502, 
when operated on stand test with motor covers and cooling system, 
if any, arranged as in service. Inasmuch as the same motor may be 
operated under different conditions as regards ventilation, it will be 
necessary in each case to define the system of ventilation which is 
used. In case motors are cooled by external blowers, the flow of air 
on which the rating is based shall be given. 


TABLE 602 

Stand-Test Temperature Rises of Railway Motors 


Class 

of 

Material 

See §1004 

Temperature Rises 
of windings 

By 

Thermo¬ 

meter 

See §1002 

By 

Resis¬ 

tance 

See §1002 

A 

65°C. 

85°C. 

B 

80°C. 

105®C. 

- 




„ and 5202) In the absence of any specification as to the kind of Vatina the 

nominal rating shall be understood. 

f ® b® W different from that on stand-test, 

ventilatio! stand-test and service temperatures aa affected by 
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6204 Field-Control Railway Motors.—The nominal and continuous 
ratings of field-control motors shall relate to their performance 
with the operating field which gives the maximum motor rating. 
Each section of the field windings shall be adequate to perform 
the service required of it, without exceeding the specified tern- 
perature rises. 

Ratings of Automobile Propulsion Machines 

6206 Automobile Propulsion Machines: The rating of automobile 
motors and generators shall be based upon temperature rise, on a 
stand test and with motor covers arranged as in service, fifteen 
degrees by thermometer or twenty-five degrees by resistance, above 
those of Table 200. 

Ratings of Electric Locomotives 

6210 Rating.—Locomotives shall be rated in terms of the weight on 
drivers, nominal one-hour tractive effort, continuous tractive effort 
and corresponding speeds. 

6211 Weight on Drivers.-—The weight on drivers, expressed in pounds, 
shall be the sum of the weights carried by the drivers and of the 
drivers themselves. 

6212 Nominal Tractive Effort.-—The nominal tractive effort, expressed in 
pounds, shall be that exerted at the rims of the drivers when the 
motors are operating at their nominal (one-hour) rating. 

6213 Continuous Tractive Effort—The continuous tractive effort, ex- 
pressed in pounds, shall be that exerted at the rims of the drivers 
when the motors are operating at their full-voltage continuous rat¬ 
ing, as indicated in §6203. 

In the case of locomotives operating on intermittent service, the 
continuous tractive effort may be given for or % voltage, but in 
such cases the voltage shall be clearly specified. 

6214 Speed.—The rated speed, expressed in miles per hour, shall be 
that at which the continuous tractive effort is exerted. 

TESTS 

EflS.ciency 

Losses in D-C. Railway Motors 

6337 Losses in Gearing and Axle Bearings.—The losses in gearing and 
axle bearings for single-reduction single-geared motors, varies with 
the type, mechanical finish, age and lubrication. The following 
values, based-upon accumulated tests, shall be used in the comparison 
of single-reduction single-geared motors §6339. 
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TABLE 603 

Losses in Axle Bearings and Single-Reduction Gearing of Railway 

Motors 


Per cent of input 

Losses as per 

at nominal rating 

cent of input 

200 

3.5 

150 

3.0 

125 

2.7 

100 

2.5 

75 

2.5 

60 

2.7 

50 

3.2 

40 

4.4 

30 

6.7 

25 

8.5 


Note: Further investigation may indicate the desirability of giving separate 
values of the losses for full and tapped fields, or low- and high-speed motors. 


6338. Brush Friction, Armature Bearing Friction and Windage.—The 
brush friction, armature-bearing friction and windage, shall be 
determined as a total under the following conditions: 

In making the test, the motor shall be run without gears. The 
kind of brushes and the brush pressure shall be the same as in com¬ 
mercial service. Drive the machine idle as a series motor on low 
voltage. The product of armature counter-electromotive-force and 
amperesatany speed shall be the sum of the above losses at that 
speed. See §6339. 

6339* No-Load Core Loss, Brush Friction, Armature-Bearing Friction 
and ^ Windage. The no-load core loss, brush friction, armature¬ 
bearing friction and windage shall be determined as a total under the 
following conditions: 


In making the test, the motor shall be run without gears. The 
kind of brushes and the brush pressure shall be the same as in com¬ 
mercial service. With the field separately excited, such a voltage 
shall be applied to the armature terminals as will give the same speed 
or any given field current as is obtained with that field current 
when operating at normal voltage under load. The sum of the losses 
above-mentioned, is equal to t,he product of the counter-electro¬ 
motive force and the armature current. 

The no-load core loss is obtained by deducting from the total 


(5339) In comparing projected railway motors, and in case it is not possible or desirable 
from tb “ detetmine mechanical losses, the following values of these losses, determined 
^om the averages of many tests over a wide range of sizes of single-reduction single-geared 
motors. mU be found useful, as approximations. They include axle-bearing gear Lmature 

bearing, brush-fnetion, windage, and stray-load losses ^ ® 
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losses thus obtained the power required to drive the motor at cor¬ 
responding speeds as determined under §6338. 

The core loss under load shall be assumed to have the values 
given in Table 504. 

TABLE 604 

Core Loss in D-C. Railway Motors at Various Loads 


Per cent of input 
at nominal rating 

Loss as per cent 
of no-load core loss 

200 

165 

150 

145 

100 

130 

75 

125 

50 

123 

25 and under 

122 


Note:—W ith motors designed for field control the core losses shall be assumed at 
the same for both full and permanent field. It shall be the mean between the no- 
load losses at full and permanent field, increased by the percentages given in the above 
Table. 


6341 Automobile Motors: When automobile motors are of low 
voltage, the great influence of brush-contact losses on the efficiency 
requires that these losses be determined experimentally for the type 
of brush used. 

CHARACTERISTIC CURVES OF RAILWAY MOTORS 

6401 General.—The Characteristic Curves of railway motors shall be 
plotted with the current as abscissas and the tractive effort, speed 
and efficiency as ordinates. In the case of a-c. motors, the power 
factor shall also be plotted as ordinates. 

6402 Voltage.—Characteristic curves of direct current motors shall be 
based upon ^ull voltage, which shall be taken as 600 volts, or a 
multiple thereof. 

6403 Field-Control Motors.—In the case of field-control motors, charac¬ 
teristic curves shall be given for all operating field connections. 


TABLE 606. 

Approximate Losses in D-C. Railway Motors. 


Input in per cent 
of that at 
nominal rating 

Losses as per cent 
of input 

100 or over 

5.0 

75 

5.0 

60 

5.3 

50 

6.5 

40 

8.8 

30 

13.3 

25 

17.0 


The core loss of railway motors may be determined as specified for other machipef. 
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SELECTION OF RAILWAY MOTOR FOR SPECIFIED SERVICE 

6601 Data Required in Selecting Motor.—The following information 
relative to the service to be performed, is required, in order that an 
appropriate motor may be selected. 

(a) Weight of total number of cars in train (in tons of 2000 lb.) 
exclusive of electrical equipment and load. 

(b) Average weight of load and durations of same, and maximum 
weight of load and durations of same. 

(c) Number of motor cars or locomotives in train, and number 
of trailer cars in train. 

(d) Diameter of driving wheels. 

(e) Weight on driving wheels, exclusive of electrical equipment. 

(f) Number of motors per motor car. 

(g) Voltage at train with power on the motors—average, maxi¬ 
mum and minimum. 

(h) Rate of acceleration in miles per hour per second. 

(i) Rate of braking (in miles per hour per second). 

(j) Speed limitations, if any (including slowdowns). 

(k) Distances between stopping points. 

(l) Average duration of stops. 

(m) Schedule speed, including stops, in miles per hour. 

(n) Train resistance in pounds per ton of 2000 pounds at stated 
speeds. 

(o) Moment of inertia of revolving parts, exclusive of electrical 
equipment. 

(p) Profile and alignment of track. 

(q) Distance coasted as apercentageof the distance between stop- 
ing points. 

(r) Duration of layover at end of run, if any. 


6602 * Method of Comparing Motor Capacity with Service Require¬ 
ments.—When it is not convenient to test motors under 
actual specific service conditions, recourse may be had to the foUow- 
ing method of determining temperature rise from the stand-tests. 

The essential motor losses affecting temperatures in service are 
those in the motor windings, core and commutator. The mean 
service conditions may be expressed, as a close approximation, in 
terms of that continuous current and core loss which will produce 
the same losses and distribution of losses as the average in service. 


\ “““paring motor capacity with service requirement.. Th. 

heating of a motor should be determined, wherever possible, by testing it in service or with 

Uoable. the ratings of the motor may be utilised as follows to determine its temperature 


those m the windings and in the core. The former are proportional to the 
The latter vary with the voltage and current, according to curve, 
manufacturers. The procedure is therefore as follLs: 

1 ^ time-voltage curve, and a time-core loss curve for the 

cu^^;t IVt aversSt^^^ root-mcan-.quar. 

(b) If the calculated r.m.s. service current exceeds the continuous rating, when run with 
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A stand test with the current and voltage which will give 
losses equal to those in service, will determine whether the motor has 
sufficient capacity to meet the service requirements. In service, the 
temperature rise of an enclosed motor (§4044), well exposed to the 
draught of air incident to a moving car or locomotive, will be from 75 
to 90 per cent (depending upon the character of the service) of the 
temperature rise obtained on a stand test with the motor completely 
enclosed and with the same losses. With a ventilated motor (§4046 
and §4046), the temperature rise in service will be 90 to 100 per cent 
of the temperature rise obtained on a stand test with the same losses. 

In making a stand test to determine the temperature rise in a 
specific service, it is essential in the case of a self-ventilated motor 
(§4046) to run the armature at a speed which corresponds to the 
schedule speed in service. ^ In order to obtain this speed it may be 
necessary, while maintaining the same total armature losses, 
to change somewhat the ratio between the PR and core-loss com¬ 
ponents. 


average service core loss and speed, the motor is not sufficiently powerful for the duty- 
cycle contemplated. 

(c) If the calculated r.m.s. service current does not exceed the continuous rating, when 
run with average service core loss and speed, the motor is ordinarily suitable for the service. 

In some cases, however, it may not have sufficient thermal capacity to avoid excessive 
temperature rises during the periods of heavy load. In such cases a further calculation ii 
required, the first step of which is to compute the equivalent voltage which, with the r.m.i. 
current, will produce the average core loss. Having obtained this, determine, as follows! 
the temperature rise due to the r.m.s. service current and equivalent voltage. 

Let t — temperature rise 

pft “ I^R loss, kw. • with r.m.s. service current, and equivalent service voltage. 

pc “ core loss, kw. 

T -* temperature rise ] - , 

Po •* loss kw ■ continuous load current corresponding to the equivalent 

-core loss. kw. J voltage. 

Then 

^ pQ-)rPc 

t wa r ' , approximately. 

Po+Pc 

(d) The thermal capacity of a motor is approximately measured by the ratio of the 
electrical loss in kw. at its nominal (one-hour) capacity, to the corresponding maximum 
observable temperature rise during a one hour test starting at ambient temperature. 

(e) Consider any period of peak load and determine the electrical losses in kilowatt-Iiours 
during that period from the electrical efficiency curve. Find the excess of the above losses 
•ver the losses with r.m.s. service current and equivalent voltage. The excess loss, divided 
by the coefficient of thermal capacity, will equal the extra temperature rise due to the 
peak load. This temperature rise added to that due to the r.m.s. service current, and equiv - 
alent voltage, gives the total temperature rise. If the total temperature rise in any such 
period exceeds the safe limit, the motor is not sufficiently powerful for the service. 

(f) If the temperature reached, due to the peak loads, does not exceed the safe limit, the 
motor may yet be unsuitable for the service, as the peak loads may cause excessive sparking 
and dangerous mechanical stresses. It is, therefore, necessary to compare the peak load* 
with the short-period overload capacity. If the peaks are also within the capacity of th« 
motor, it may be considered suitable for the given duty-cycle. 
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CONSTRUCTION 

6601* Standard Height of Trolley Wire on Street and Interurban Rail¬ 
ways.—It is recommended that supporting structures shall be of 
‘such height that the lowest point of the trolley wire shall be at a 
height of 18 feet (5.5 m.) above the top of rail under conditions of 
maximum sag, unless local conditions prevent. On trackage opera¬ 
ting electric and steam road equipment and at crossings over steam 
roads, it is recommended that the trolley wire shall be not less 
than 21 feet (6.4 m.) above the top of rail, under conditions of max¬ 
imum- sag. 

6602 Standard Gage of Third Rails.—The gage of third rails shall be 
not less than 26 inches (66cm.) and not more than 27 inches (68.6cm.) 

6603 Standard Elevation of Third Rails.—The elevation of third rails 
shall not be less thaigii 2% inches (7 cm.) and not more than 
inches (8.9 cm.) 

BIBLIOGRAPHY 
United States 

American Electric Railway (Engineering) Association: Engineer¬ 
ing Manual. 

Association of Railway Electrical Engineers: Standards. 

Foreign 

Engineering Standards Committee of Great Britain: Standardiza¬ 
tion Rules for Electrical Machinery (exclusive of motors for traction 
purposes). Standard Method of Specifying the Resistance of Steel 
Conductor Rails; Standard for Trolley Groove and Wire. 

Verband Deutscher Electrotechniker: Normalien. 


(5601) A. E. R. A. Standard. 
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CHAPTER VL 

STANDARDS FOR TRANSFORMERS AND OTHER 
STATIONARY INDUCTION APPARATUS 

Wherever the General Standards in Chapters II and III apply 
to transformers they are referred to in the following Chapter by 
cross references. 

Certain rules applying exclusively to railway machinery have, 
for convenience, been placed in Chapter V with cross reference in 
all cases to this Chapter. Rules in Chapter VI apply to railway 
machinery except as they are modified by the rules in Chapter V. 

Note: The work “Transformer” will be used throughout this 
Chapter as an abbreviation of “Transformer or other stationary 
induction apparatus.” 


DEFINITIONS 

Apparatus 

6000 Stationary Induction Apparatus:—For the purpose of these Stand¬ 
ards stationary induction apparatus is defined as electric apparatus 
which changes electric energy to electric energy through the me¬ 
dium of magnetic energy, without mechanical motion. . It comprises 
several forms, as defined in §§ 6001 and 6010 to 6016. 

6001 Transformer.—A transformer is a form of stationary induction 
apparatus in which the primary and secondary windings are ordinarily 
insulated one from another. 

6010 Auto-Transformer.—An auto-transformer is one which has a part 
of its turns common to both primary and secondary circuits. 

6011 Voltage-Regulator.—A voltage-regulator is a form of stationary 
induction apparatus which has turns in shunt and turns in series 
with the circuit, so arranged that the voltage ratio of the transforma¬ 
tion, or the phase relation between the circuit-voltages, is variable 
at will. 

6012 Contact Voltage Regulator.—A contact voltage regulator is a 
voltage regulator in which the number of turns in one or both of the 
coils is adjustable. 

6013 Induction Voltage Regulator.—An induction voltage regulator is 
one in which the relative position of the primary and secondary coils 
is adjustable. 

6014 Magneto Voltage Regulator.—A magneto voltage regulator is one 
in which the direction of the magnetic flux with respect to the 
coils is adjustable. 

6016 Reactor.—A reactor is a device used primarily because it possesses 
the property of reactance. Reactors are used in electric circuits for 
purposes of operation, protection, or control. 
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Parts of Apparatus 

6020 Higli-Voltage and Low-Voltage Winding.—The terms “high 
voltage” and “low voltage” are used to distinguish the winding 
having the greater from that having the lesser number of turns. 

6021 Primary and Secondary Windings.—The term “primary” and 
“secondary” serve to distinguish the windings in regard to energy 
flow, the primary being that which receives the energy from the 
supply circuit, and the secondary that which receives the energy 
by induction from the primary. 


Properties of Apparatus 

6031 Rated Current of a Constant-Potential Transformer.—The rated 
current of a constant-potential transformer is that secondary current 
which, multiplied by the rated-load secondary voltage, gives the 
kv-a. rated output. That is, a transformer of given kv-a. rating 
must be capable of delivering the rated output at rated secondary 
voltage, while the primary impressed voltage is increased to what¬ 
ever value is necessary to give rated secondary voltage. 

6032 Rated Primary Voltage of a Constant-Potential Transformer.— 
The rated primary voltage of a constant-potential transformer is 
the rated secondary voltage multiplied by the turn ratio. 

6033 Ratio of a Transformer.—The-ratio of a transformer, unless other¬ 
wise specified, shall be the ratio of the number of turns in the high- 
voltage winding to that in the low-voltage winding; i. <?., the “turn- 
ratio.” 


6034 Voltap Ratio of a Transformer.—The voltage ratio of a trans¬ 
former is the ratio of the r.m.s. primary terminal voltage to the 
r.m.s. secondary terminal voltage, under specified conditions of load. 

6036 Current Ratio of a Transformer.—The current ratio of a current- 
transformer is the ratio of the r.m.s. primary current to the r.m.s. 
secondary current, under specified conditions of load. 


6036 Volt-Ampere Ratio of Transformer.—The volt-ampere ratio, 
which should not be confused with real efficiency, is the ratio of 
the volt-ampere output to the volt-ampere input of a transformer, 
at any given power factor. 


6060* Per Cent Resistance Drop.-The per cent resistance drop in a 
transformer is the ratio of the internal resistance drop at 75°C. to the 
secondary terminal voltage expressed in per cent. 


t)U61 Per Cent Reactance Drop.—The per cent reactance drop in a 
transformer is the ratio of the internal reactance drop to the second¬ 
ary terminal voltage expressed in per cent. 

6062* Per Cent Inipedance Drop.-The per cent impedance drop in a 
ransformer is the ratio of the internal impedance drop at 75°C. to 
the secondary terminal voltage expressed in per cent. 

6063 Regulation of Constant-Potential Transformer.-In constant- 
_P°^^e^tial transformers, the regulation is the difference between the 
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no-load and rated-load values of the secondary terminal voltage at 
the specified power factor (with constant primary impressed terminal 
voltage) expressed in per cent of the rated-load secondary voltage, 
the primary voltage being adjusted to such a value that the appa¬ 
ratus delivers rated output at rated secondary voltage. See §3390. 

Ambient Temperature.—See §3000. 

RATING 

General 

6201 TABLE 601 


Limiting Observable Temperatures and Temperature Rises for 
Transformers Using Class A* Insulation. 



tAir 
Cooled 
and Air 
Blast 

Oil 

Cooled 

Water 

Cooled 

Limiting Observable Tempera¬ 
ture... 

95°C. 

95°C. 

80°C. 

Standard Ambient Tempera¬ 
ture... 

40°C. 

40°C. 

25°C. 

Limiting Observable Tempera¬ 
ture Rise. 

66°C, 

66°C. 

66°C. 


The temperature of the windings of transformers is always to be 
ascertained by Method 2. 

*For cotton, silk, paper and similar materials when neither treated, impregnated nor 
immersed in oil, the limits of the observable temperature rise shall be 15®C. below the limits 
fixed for these materials when impregnated. 

tFor exceptions in the case of Air Blast Transformers, see §6320 (6). 

6202 Limiting Observable Temperature of Oil (From §2232).—The 
oil in which apparatus is permanently immersed shall, in no part, 
have a temperature, observable by thermometer, in excess of 90°C. 

Permissible Temperatures of Insulations of More Than One 
Class.—See §2104. 

Temperatures of Metallic Parts of Transformers.—See §2116. 

Protection Against Short Circuit.—See §2120. 

Nominal Rating of Railway Substation Transformers.—See §6201. 

Expression of Rating.—See §2202. 

Institute Rating.—See §2204. 

6204* Rating of Protective Reactors.—Protective reactors shall be 
rated by the following characteristics: 

(a) Kilovolt-amperes absorbed by normal current. 

(b) Normal current, frequency and line (delta) voltage. 

(c) Current which the device is required to stand under short 

circuit conditions. _ 

(6204) Reactors shall be so designed as to be capable of withstanding the sudden 
application, without mechanical injury, of rated current at normal frequency. 
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Ambient Temperature of Reference 

Ambient Temperature of Reference for Air.—See §2211. 

Ambient Temperature of Reference for Water-Cooled Transform¬ 
ers.—See §2212. 

Transformers Cooled by Other Means.—See §2213. 

Outdoor Transformers Exposed to Sun’s Rays.—See §2214. 

Altitude Correction 

Altitude.—See §2216. 

6216 Exception to “Altitude”.—See §2215—Water-cooled oil-immersed 
transformers are exempt from this reduction. 

Units in Which Rating Shall be Expressed 

6221 Rating of Transformers.—The rating of transformers shall be 
expressed in kilovolt-amperes (kv-a.) available at the output ter¬ 
minals, at a specified frequency and voltage. 

6223 Rating of Other Stationary Induction Apparatus.—Other sta¬ 
tionary induction apparatus such as auto-transformers, regulators, re¬ 
actors, etc., shall have their ratings appropriately expressed. It is 
also essential to specify the voltage and frequency of the circuits 
on which the apparatus may be used. 

Kinds of Rating 

Continuous Rating.—See §2220. 

Short-Time Rating.—See §2221. 

Duty-Cycle Operation—See §2222. 

Standard Short-Time Ratings.—See §2223. 

A. I. E. E. and I, E. C. Ratings.—See §2224. 

Continuous Rating Implied.—See §2226. 

6236 Nominal Ratings.—Nominal ratings are ratings which do not con¬ 
form with § §2220 and 2221. They are sometimes used for railway 
substation transformers carrying traction loads. Transformers with 
nominal rating shall be capable of operating under the conditions 
enumerated in §6201. 

Rating by Temperature Rise 

Permissible Temperature Rises for Various Ambient Tem¬ 
peratures above Standard.—See §2231 (d). 

TESTS 

Ambient Temperature 

Measurement of Ambient Temperatures during Tests of Trans¬ 
formers.—See §2300. 

6300 Measurement of the Ambient Temperature During Tests of 
Water-Cooled Transformers.—The temperature rise of water- 
cooled transformers shall be based entirely upon the temperature of 
the cooling water and it is not necessary to take into account the 
heat carried off by the air, unless it exceeds the amount specified 
below. If under assumed standard conditions of water at 25° C, 
and air at 40° C, the amount of heat which would be carried off by 
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the air is 15% or more of the total, the temperature of the cooling 
water, during test, should be maintained within 5® C. of that 
of the surrounding air. Where this is impracticable the am" 
bient temperature should be determined from the change in the 
•resistance of the windings, using a disconnected transformer, supplied 
with the normal amount of cooling water, until the temperature of 
the windings has become constant. 

Oil Cup.—See §2301. 

Transformer Temperatures 

Temperature Rise for Any Ambient Temperature.—See §2310. 

Correction for the Duration of the Ambient Temperature of the 
Cooling Medium, at the Time of the Heat Test, from the Standard 
Ambient Temperature of Reference.—See §2311. 

6311* Correction for the Deviation of the Ambient Temperature of the 
Cooling Medium, at the Time of the Heat Test of Air-Blast Trans¬ 
formers from the Standard Ambient Temperature of Reference.— 
A correction shall be apiolied to the observed temperature rise of the 
windings of air-blast transformers due to difference in resistance, 
when the temperature of the ingoing cooling air differs from that of 
the standard of reference. This correction shall be the ratio of the 
inferred absolute ambient temperature of reference to the inferred 
absolute temperature of the ingoing cooling air, i. e. the ratio 
274.5/(234,5 + t)\ where t is the ingoing cooling-air temperature. 

Duration of Temperature Test of Transformers for Continuous 
Service.—See §2312. 

Duration of Temperature Test of Transformer with a Short- 
Time Rating.—See §2313. 

Duration of Temperature Test for Transformer Having More 
Than One Rating.—See §2314. 

Temperature Measurements during Heat Run.—See §2315. 

6317 Methods of Loading Transformers for Temperature Tests. 

(a) General: Whenever practicable, transformers should be tested 
under conditions that will give losses approximating as nearly as 
possible to those obtained under normal or specified load conditions, 
maintained for the required time The maximum temperature rises 
• measured during this test should be considered as the observable 
temperature rises for the given load. See §§2312 to 2314. 

An approved method of making these tests is the loading-hack 
method. The principal variations of this method are given in §6317 
(b,) (c) and (d). 

(&) Loading-hack with duplicate single-phase transformers: Dupli¬ 
cate single-phase transformers may be tested in banks of two, with 

(6311) Thus, a cooling-air room temperature of 30° C. would correspond to an inferred 
absolute temperature of 264.5° on the scale of copper resistivity, and the correction to 
40* C. (274.5° inferred absolute temperature) would be 274.5/264.5 « 1.04, making the 
correction factor 1.04; so that an observed temperature rise of say 50° C. at the testing 
ambient temperature of 30° C. would be corrected to 50 X 1.04 *=• 52° C. this being the 
temperature rise which would have occurred had the test been made with the standard 
ingoing cooling-air temperature of 40° C. 
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the temperature at the instant of shut-down. This correction may 
be determined approximately by plotting a time-temperature curve 
with temperatures as ordinates and times as abscissae and extra¬ 
polating back to the instant of shut-down. 

In cases where successive measurements show increasing tempera¬ 
tures after shut-down the highest value shall be taken. 

In certain cases, however, other correction factors may be applied 
as follows: 

Oil-Immersed Transformers: For the purpose of simplifying the 
application of the rule to transformers when the weight of copper in 
each winding is known and the copper loss as determined by watt¬ 
meter measurement does not exceed 30 watts per lb., the extrapolation 
method has been reduced to the following form which is recom¬ 
mended on account of the greater accuracy obtainable under ordinary 
conditions of testing. The correction in degrees C. shall be the pro¬ 
duct of the watts loss per lb. of copper for each winding multiplied 
by a factor depending upon the time elapsed between shut-down 
and the time of the temperature reading as given in the follow¬ 
ing table: 


Time in Minutes Factor 

1 0.19 

2 0.32 

3 0.43 

4 0.50 


For intermediate times, the value of the factor can be obtained by 
interpolation. 

When the copper loss, measured by wattmeter, does not 
exceed 7 watts per lb. an arbitrary correction of one degree per 
minute may be used provided the time elapsed between the instant 
of shut-down and the measurement of the hot resistance does not 
exceed 4 minutes. 

For determining the copper loss in watts per lb., the total loss in 
both windings as measured by the wattmeter should be apportioned 
between the high and low voltage windings in the same ratio as their 
respective I^R losses. 

Air-Blast Transformers: An arbitrary correction of one degree 
per minute may be used provided the time elapsed between the 
instant of shut-down and the measurement of the hot resistance does 
not exceed four minutes. 

(d) Covering of Thermo meters: Thermometers used for taking 
the temperature of air-cooled or air-blast transformers shall have 
their bulbs covered for protectmn from air currents. This shall be 
done by felt pads, approximately 4 cm. x 5 cm. (1 1/2 in. x 2 in.) and 
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3 mm. (1/8 in.) thick, except that where pads are inconvenient, as 

in ventilating ducts between coils, grooved wooden sticks may 
be used. 

Temperature Coefficient of Copper.—See §2321. 

Efficiency 


Efficiencies Recognized.—See § 2331. 

Normal Conditions for Efficiency Tests.—See § 2332. 

Direct Measurement of Efficiency.—See § 2333. 

6334 Classification of Losses.—(o) General: Losses are classified as 
shown below. 

(6) No-Load Losses: No-load losses include the core loss, the 
PR loss due to the exciting current and the dielectric loss in the 
insulation, 

(c) Load Losses: Load losses include PR losses, and stray load- 
losses due to eddy-currents caused by fluxes varying with load. 


6335 


Losses to be Considered in Transformers.— Conventional effi¬ 
ciencies shall be based upon the losses listed in §6334 and these 
losses shall be measured as specified in §§6336 and 6337. 


6336 No-Load Losses.—The no-load losses shall be measured wUh 
open secondary circuit at the rated frequency, and with an applied 
primary voltage giving the rated secondary voltage plus the I R 
drop which occurs in the secondary under rated load conditions. 

6337 Load Losses.— The load losses include PR and stray load-losses. 
They shall be measured by applying a primary voltage, at rated 
frequency, sufficient to produce rated load current in the wind¬ 
ings, with the secondary windings short-circuited. 


Wave Shape 

standard Wave Shape.—See § 2340. 

Tests of Dielectric Strength 

Condition of Transformers to be Tested. See §2360. 

Where High Voltage Tests are to be Made.—See §2361. 

Temperature at which High Voltage Tests are to be Made.- 
See §2362. 

Points of Application of Voltage.—See §2363. 

Frequency and Wave Form of Test Voltage.—See §2364. 

Duration of Application of Test Voltage. See §2366. 

6366 Standard Test Voltage.—(From §2366.) General: The standard 
test voltage for all machines, except as otherwise specified, shall be 
twice the normal voltage of the circuit to which the machine is 
connected plus 1000 volts. See exception §6361. 

6360 Transformers for Star Connection.— Transformers which may be 
used in star connection on three-phase circuits shall be tested on 
the basis of the line to line voltage for which they are rated. See 
§6361-f. 

6361* Exceptions to Standard Test Voltage Given in Section 6366.— 
(a) Distributing Transformers: Transformers for primary pres- 
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sures from 550 to 4500 volts, the secondaries of which are directly- 
connected to consumers’ circuits and commonly known as distributing 
transformers, shall be tested with 10,000 volts from primary to core 
• and secondary combined. The secondary windings shall be tested 
with twice their normal voltage plus 1000 volts. 

(b) Auto-Transformers: Auto-transformers used for starting 
purposes, shall be tested with the same voltage as the test voltage of 
the apparatus to which they are connected. 

(c) Household Devices: Transformers taking not over 660 watts 
and intended solely for operation on supply circuits not exceeding 
275 volts, shall be tested with 900 volts. 

* {d)Tra7isformers for Use on Circuits of 25 Volts or Lower: Trans¬ 
formers for use on circuits of 25 volts or lower, such as bell-ringing 
apparatus, shall be tested with 500 volts. 

(e) Alternating Current Transformers Connected to Permanently 
Grounded Single Phase Systems^ for use on Permane^itly Grounded 
Circuits of more than 300 Volts: Transformers used under these 
conditions shall be tested with 2.73 times the voltage of the circuit 
to ground plus 1000 volts. This does not refer to three-phase 
transformers operating with grorinded neutral. 

(f) Transformers to be used on star-connected three-phase 
circuits: Transformers which may be used in star connection 
on three-phase circuits shall have the line to line (as distinguished 
from line to neutral) voltage of the circuits on which they may be 
used indicated on the rating plate and the test shall be based on 
the line to line voltage. See §6360. 

(g) Protective Reactors: Protective reactors shall be tested from 
conductors to ground with 2000 volts plus 2^ times the line voltage. 

6362* Testing Transformers by Induced Voltage.—Under certain con¬ 
ditions it is permissible to test transformers by inducing the required 
voltage in their windings in place of using a separate testing trans¬ 
former. By '‘required voltage” is meant a voltage such that the 
line end of the windings shall receive a test to ground equal to that 
required by the general rules. 

6363 Transformers with Graded Insulation.—Where transformers have 
graded insulation they shall be so marked. They shall be tested by 
inducing the required test voltage in the transformer and connecting 
the successive line leads to ground. 

Transformer windings permanently grounded within the trans¬ 
former shall be tested by inducing the required test voltage in such 
windings. See §6361. 

Use of Voltmeter and Spark-gaps in Dielectric Tests.-—See §2359. 

Use of Spark-gap with Transformers of Low Capacitance.—See 
§2360. 

Use of Spark-gap with Transformers of High Capacitance. See 
§2361. _____ 

(■6361-d) This rtile does not include bell-ringing transformers of ratio 125 to 6 volts. 
(6362) This test can be made by connecting the windings of two or more transformers 
in series, with one end of the series grounded and a voltage impressed such as will give the 
test from the free end to ground required by the above rule. 
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Measurements with Voltmeter.—See §2362. 

Measurements with Spark-gap.—See §2363. 

Regulation 

Conditions for Tests of Regulation.—See §2390. 

6390 Conditions for Tests of Regulation.— (a) Frequency: The reg¬ 
ulation of transformers is to be determined at constant frequency. 

(5) Power Factor: In transformers, the power factor of the load 
to which the regulation refers should be specified. Unless otherwise 
specified, it shall be understood as referring to non-inductive load, 
that is, to a load in which the current is in phase with the e.m.f. at 
the output side of the transformer. See §2390. 

6391* Tests and Computation of Regulation.—*(a) Method I. By 
Loading: The regulation of a constant potential transformer can 
be determined by loading the transformer and measuring the change 
in voltage with change in load, at the specified power factor. 

(6) Method II. From Impedance Watts and Volts: The regula¬ 
tion of a constant potential transformer for any specified load and 
power factor can be computed from the measured impedance watts 
and impedance volts as follows: 

Let: 

P = impedance watts, as measured in the short-circuit test and 
corrected to 75° C. 

Eg ~ impedance volts, as measured in the short-circuit test. 

IX =“ Reactance Drop in Volts. 

I — Rated Primary Current. 

E = Rated Primary Voltage. 

gr =* per cent drop in phase with current. 

Qx “ per cent drop in quadrature with current. 


Qr 


100 


P 

El 


qx - 100 

h, 

Then— 

For unity power factor, we have approximately, 
a 2 

Per cent regulation = + . . 

200 


For inductive loads of power-factor m and reactive-factor «, 
Per cent regulation = m qr + n Qx-V - - - 

200 


(6391-a) This method is not generally applicable for shop tests, particularly on large 
transformers. 
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CONSTRUCTION 
Rating Plates 

Marking of Rating Plates.—See §2401. 

Transformer Connections 
{These rules do not apply to auto-transformers) 

General 

6402* Scope,—These rules specify the markings of leads brought out of 
the case but not the markings of winding terminals inside of the case, 
except that these terminals shall be marked with numbers in any 
manner that will permit of convenient reference and that cannot be 
confused with the markings of the leads brought out of the case. 

TRANSFORMER LEAD MARKINGS SINGLE PHASE TRANSFORMERS 



Simple High and Low-Voltage Windings Without Taps 




FIG. 6-5 FIG. 6-4 

Simple High and Low-Voltage Windings With Taps 



FIG, 6-3 fig. 6-6 

Series Multiple Low-Voltage Winding Series Multiple Low-Voltage Winding 

Without Taps With Taps 

]SfoTE:—The above figures illustrate the application of the rules on lead markings to 
transformers having subtractive and additive polarity. 

(6402) It is recognized that special cases will arise from time to time that these rule* 
will not cover and that it would*beVery difficult to cover by any set of general rules. 
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6403* Markings of Leads,—*(a) General: The leads shall be dis¬ 
tinguished from one another by marking each lead with a capital 
letter followed by a number. The letters to be used are: H for 
high voltage leads, X for low voltage leads and Y for tertiary winding 
leads. The numbers to be used are 1, 2, 3, etc. 

*(6) Neutral Lead: A neutral lead shall be marked with the 
proper letter followed by 0, e.g., HO, XO. 

6404 Diagrammatic Sketch of Connections.—The manufacturer shall 
furnish with each transformer a complete diagrammatic sketch 
showing the leads and internal connections and their markings and 
the voltages obtainable with the various connections. 

This sketch should preferably be on a metal plate attached to the 
transformer case. 

Single-Phase Transformers 

6405 Order of Numbering Leads in any Winding.—The leads of any 
winding (high-voltage, low-voltage or tertiary) brought out of case 
shall be numbered 1, 2, 3, 4, 5, etc., the lowest and highest numbers 
marking the full winding and the intermediate numbers marking 
fractions of winding or taps. All numbers shall be so applied that 
the potential difference from any lead having a lower number toward 
any lead having a higher number shall have the same sign at any 
instant. 

If a winding is divided into two or more parts for series parallel 
connections, and the leads of these parts are brought out of case, 
the above rule shall apply for the series connection with the addi¬ 
tion that the leads of each portion of winding shall be given consecu¬ 
tive numbers. See Figs. 6-5 and 6-6. 

6406 Relation of Order of Numbering Leads of Different Windings. 

The numbering of the high-voltage and low-voltage leads shall be so' 
applied that when FIi and Xi are connected together and voltage 
applied to the transformer, the voltage between the highest numbered 
H lead and the highest numbered X lead shall be less than the volt¬ 
age of the full high-voltage winding. 

The same relation shall apply between high-voltage and tertiary 
and low-voltage and tertiary winding. 

6407 Polarity.—When leads are marked in accordance with the above 

rules, the polarity of a transformer is 

_ Subtractive when Hi a nd Xi are adjacent. See Figs. 6-1, 6-3 and 6-5. 

(6403-a) By “tertiary winding” is meant a third winding that, compared with both of 
the other two windings, has smaller kv-a. rating than either or, if the kv-a. rating is the 
same as one or both of the other two, has lower voltage. E. g., if a transformer has three 
serrate windings, one for 1000 kv-a., 33,000 volts, one for 600 kv-a„ 550 volts and one for 
400 kv-a. 6,600 volts, the 400 kv-a. winding is the tertiary winding; or, if a transformer 
ofnnn windings each with a capacity of 1,000 kv-a., and with voltages of 

33,000, 6600 and 550 respectively, the 550 volt winding is the tertiary winding. 

According to this definition neither one of two similar windings arranged for series- 
parallel connection is to be classed as a tertiary winding. 

(6403-b) A lead brought out from the middle of a winding for some other use, than that 
of neutral lead, e.g„ a 50 per cent starting tap, shall be marked as a tap lead. 
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Additive when Hi is diagonally located with respect to Xi. See 
Figs. 6-2, 6-4 and 6-6. 

6408 Location of iJi Lead.—To simplify the work of connecting trans¬ 
formers in parallel it is recommended that the Hi lead shall be brought 
out on the right hand side of the case, facing high-voltage side of the 
case. 


TRANSFORMER LEAD MARKINGS AND VOLTAGE VECTOR DIAGRAMS FOR 
THE‘USUAL THREE PHASE TRANSFORMER CONNECTIONS 



Note:—T he above figures are included to illustrate the method of marking trans¬ 
former leads that are brought out of the case and are not intended to standardize con¬ 
nections, vector diagrams or polarity. 
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Three-Phase Transformers 
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*(Z>) Angular Displacement: In order that the markings of lead 
connections between phases shall indicate definite phase relations, 
thej’’ shall be made in accordance with one of the three three-phase 
groups as shown. The angular displacement between the high- 
voltage and low-voltage windings is the angle in each of the voltage 
vector diagrams (Pigs. 6-7 to 6-14 inclusive) between the lines 
passing from its neutral point through Hi and Xi respectively. 

6412 Tap Leads.—(a) General: Where tap leads are brought out of the 
case (neutral lead excepted) they shall be marked with the proper 
letter followed by the numbers 4, 7, etc., for one phase, 5, 8, etc., for 
another phase and 6, 9, etc., for the third phase. See Fig 6-15. 

{h) Delta Connection: The order of numbering tap leads shall be 
as follows: 4, 7, etc., from lead 1 toward lead 2; 5, 8, etc., from lead 2 
toward lead 3; and 6, 9, etc., from lead 3 toward lead 1. See Fig. 
6-15. 

(c) Star Connection: The order of numbering tap leads shall be 
as follows: 4, 7, etc., from lead 1 towards neutral; 5, 8, etc., from lead 
2 towards neutral; and 6, 9, etc., from lead 3 towards neutral. See 
Fig. 6-15. 

6413 Interphase Connection made Outside of Case.—Where the inter¬ 
phase connections are made outside of case, the leads shall be marked 
with the proper letter followed by the numbers 1, 4, 7, 10, etc., for 
one phase; 2, 5, 8, 11, etc., for the second phase; and 3, 6, 9, 12, etc., 
for the third phase. 

The markings shall be so applied that when a star connection is 
made by joining together the highest numbered leads of each phase, 
all rules here given, excepting §6403 (b) apply. 

6414* Parallel Operation.—Transformers having leads marked in 
accordance with these rules may be operated in parallel by connecting 
similarly marked leads together provided their angular displacements 
are the same and provided also their ratios, voltages, resistances, and 
reactances are such as to permit parallel operation. 

6416 Location of HI Lead.—-To simplify the work of connecting trans¬ 
formers in parallel it is recommended that the H 1 lead shall be 
brought out on the right hand side of the case, facing the high- 
voltage side of the case. 

Three-Phase to Six-Phase Transformers. 

6416 Vules that are Applicable for Three-Phase Transformers.—Sections 
6411 (b) and 6413 shall apply to three-phase to six-phase transformers. 

(641 l-b) Any three phase transformer having a delta Y connection may be represented 
by voltage vector diagram either in accordance with Fig. 6-11 or Fig. 6-13. Any thr«e 
phase transformer having Y delta connection may be represented by voltage vector diagram 
cither in accordance with Fig. 6-12 or Fig. 6-14. Since these voltage vector diagrams are 
equivalent, it is recommended that the terminal markings for three phase transformers 
having delta Y connection be always made in accordance with Fig. 6-11 and that the 
terminal markings for thre^e phase transformers having Y delta connection be always made 
in accordance with Fig. 6-12. 

(6414) In some cases designs may be such as to permit parallel operation although, due 
to a difference in the number of tap leads, the leads to be connected together are not simil¬ 
arly marked. 









ItwO A’P nr THE A- /. 

Killv: MW U12 -rr’ ap^'^. ^ 

€417 Si-i-l*h;i:.<t‘ .l.rad-;, ■'!■' ■■ ■.; ’. 


.'••> ‘ !‘’' ' r; It; : .■ H- I'i ' 

641B Hrhitinu bffwt'rit Thf* 1‘!|4 ■?* Sua I1l;i'..f' W'niiiiiU’ 


JrpabM Arn.. ■■tfa'a-.*' 

at.fir.a.'!;. .!3 , ! ; arr'l p: 

tllt/V ^ha'I ;u‘ ;*■ in -.^.r 

., • L '.v*a " f . «; b; ‘ *; 

t*at‘h < .? f !.*■ i .lb'’v , > ‘ '. 

.VI Jr |M . -a., : 

urn* Tap Lf*aiis. ..a rba;a,a„.:; 

il!|!;:: a!‘i' Vri ' .I'.lt. . ft * a- ■ va.; 

!»* p.:t.vv.' 

a‘> I^:a»;, 

lAiull r*r L*'arU'-f! -if* '.r'.. t 

Ifll* li'fli' t'sr isi:-'p * * , -a ' ':■. ‘. 

XI ^:^‘,v,lr!i:', a, V Xi 

X /a, t‘?r,, fr.a: \ .;*’<»• a ' , 
iHaifral: XII, X I;. a., 

friiiti Xr iuv;:irr!;, ':■■»■- 

A lap h‘M}|| ^ Vr flip la 1 » t fip 

a% a liaatfa!. IXl ' r ap;* f| 4 


Xi, A * as A" aipl t 

i-'! . ,V 

h|Mt4j!sf M’sf ,i‘.< AM ; 

' . ■ ;/ P; 

Xf, Xs, a;s 1 ,\:j. 



i U' *1 

fA||MWi!4» A 

V^ 

ffnia XA tn'.us’fL A".' 

J; T.T ,VI 

Xltl, rti , I'lMSsi V ; f 

a'.' a* ' . ,V p' 

XI; Xir Xlx 

A'P’ P 


v;, \ . 


Klaairir pMWt-r rfylp, HnU ■ 

NaHuiial Hftatifo! bVrt* Tit-I*«;*p|P ^ p, i?. 
Xatifiuat lilarfrir ianhf T . .M-i/iPpa?; r,, 

Fort^igii 

A.sKfK'iiUfnK* Ifahaiia: \a?fra 

<aj|lautl»» ffalb- biij,. rjaMiE' ■ f . 

loir |,»arp .‘h-; {? j «4 .^*4 p;- . - ,» , ? 

0«<5 d«*ItJ 4 HiHi Ktiift t!irrr*jdi.i’ir. 


"It#- r li 


























TRANSFORMERS 


1651 


British Electrical and Allied Manufacturers’ Association: Reports 
British Engineering Standards Association: British Standardiza¬ 
tion Rules for Electrical Machinery (except motors for traction 
purposes). 

Soci^te Internationale des Electriciens: Bulletins. 

Union des Syndicats de 1’ Electricite: Instructions g6n6rales pour 
la Fourniture et la Reception des Machines 61ectriques. 

Verband Deutscher Elektro-techniker: Normalien, Vorschriften 
und Leitzsatze. 

International 

International Electrotechnical Commission: Rating of Electrical 
Machinery. 
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CHAPTER VII. 

STANDARDS FOR SWITCHINC;, CONTROL AND 
PROTECTIVE APPARATUS 
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7010 Auto-Transformer Motorstarter.—An auto-transformer motor- 
starter is a motor-starter having an auto-transformer to furnish a 
reduced voltage for starting. The device includes the necessary 
switching mechanism, and is frequently called a Compensator or 
Auto-Starter. 

7016* Fuse. A fuse is an element designed to melt or dissipate at a 
predetermined current value, and intended to protect against 
abnormal conditions of current. 

7016 Relay.—A relay is a device by means of which contacts in one 
circuit are operated by change in conditions in the same or other 
circuits. 

7018 Rheostat.—A rheostat is a resistor which is provided with means 
for readily varying its resistance. See §3064. 

7019 Protective Reactor.—A protective reactor (See §3078) is a device 
for protecting circuits by limiting the current flow and localizing 
the disturbance under short circuit conditions. 

7020* Lightning Arrester.—A lightning arrester is a device for protecting 
circuits and apparatus against lightning or other abnormal potential 
rises of short duration. 

7021 Under-Voltage or Low-Voltage Release Switching and Control 
Apparatus.—Under-voltage or low-voltage release switching and 
control apparatus is apparatus which, on the reduction or failure of 
voltage, operates to cause the interruption of power ’to the main 
circuit, but which does not prevent the re-establishment of the main 
circuit on return of voltage. 

7022 Under-voltage or Low-Voltage Protection Switching and Control 
Apparatus.—Under-voltage or low-voltage protection switching and 
control apparatus is apparatus which, on the reduction or failure of 
voltage,, operates to cause and maintain the interruption of power to 
the main circuit. 

7023 Phase-Failure Protection Switching and Control Apparatus.— 

Phase-failure protection switching and control apparatus is apparatus 
which, on the failure of power in one wire of a polyphase circuit, 
opei’ates to cause and maintain the interruption of power on the 
circuit. 

7024 Phase-Reversal Protection Switching and Control Apparatus.— 
Phase-rreversal protection switching and control apparatus is appara- 

(7015) Any terminals, tubes, etc., integral with this element are included as part of the 
fuse. 

Fuses may be divided into two classes: 

(a) Those designed to protect the circuit and apparatus both against short-circuit and 
against definite amounts of overload (e. g. fuses of the National Electric Code which open 
on 25 per cent overload.) 

(b) Those designed to protect the system only against short circuits; («. g. expulsion 
fuses, which blow at several times the current which they are designed to carry continu¬ 
ously). The line separating these two classes is not definitely fixed. 

(7020) Lightning arresters may be divided into two classes: 

(a) Those intended to discharge for a very short time. 

(b) Those intended to discharge for a period of several minutes. 
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tus which, on the reversal of the phase relations in a polyphase cir¬ 
cuit, operates to cause and maintain the interruption of power on 
the circuit. 

Characteristics of Devices 

7030 **Air»* as a Prefix. —The prefix “air" applied to a device which 
interrupts an electric circuit indicates that the interruption occurs in 
air. 

7031 “Oir* as a Prefix. —The prefix “oil" applied to a device which 
interrupts an electric circuit indicates that the interruption occurs in 
oil. 

7032 Fume-Resisting. —Fume-resisting switching and control apparatus 
is apparatus so constructed that it will not be readily injured by the 
specified fumes. 

7033* Drip-Proof. —Drip-proof switching and control apparatus is 
apparatus so protected as to exclude falling moisture or dirt. 

7034 Dust-Proof. —Dust-proof switching and control apparatus is 

apparatus so constructed or protected that the accumulation of dust 
within or without the device will not interfere with its successful 
operation. 

7036 Dust-Tight. —Dust-tight switching and control apparatus is 

apparatus so constructed that the dust will not enter the enclosing 
case. 

7036 Explosion-Proof. —Explosion-proof switching and control appara¬ 
tus is apparatus so constructed that explosions of gas within the 
casing will not injure it or ignite inflammable gas outside it. 

7037 Gas-Proof. —Gas-proof switching and control apparatus is appara¬ 
tus so constructed of protected that the specified gas will not inter¬ 
fere with its successful operation. 

7038 Gas-Tight. —Gas-tight switching and control apparatus is appara¬ 
tus so constructed that the specified gas will not enter the enclosing- 
case. 

7039 Moisture-Resisting. —Moisture-resisting switching and control 
apparatus is apparatus so constructed or treated that it will not be 
readily injured by moisture. (Such apparatus shall be capable of 
operating in a very humid atmosphere, such as found in mines, 
evaporating rooms, etc.). 

7040 Splash-Proof. —Splash-proof switching and control apparatus is 
apparatus so constructed or protected that external splashing will 
not interfere with its successful operation. 

7041 Submersible. —Submersible switching and control apparatus is 
apparatus so constructed that it will operate successfully when 
submerged in water under specified conditions of pressure and time. 

7042 Sleet-Proof. —Sleet-proof switching and control apparatus is 
apparatus so constructed or protected that the accumulation of 
sleet will not interfere with its successful operation. 

(7033) Drip-proof apparatus may be either open or semi-enclosed, if it is provided with 

suitable protection integral with the apparatus, or so enclosed as to exclude effectively 

falling solid or liquid material. 
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Parts of Devices 

7060 Conducting Parts.-Conducting parts of switching and control 
apparatus are those designed to carry current or which are con- 
ductively connected therewith. 

7061 Contact.—A contact is a surface common to two conducting parts 
united by pressure, for the purpose of carrying current 

■ 7062 Magnet Brake.~A magnet brake is a friction brake controlled by 
electro-magnetic means. ^ 

7063 Grounded Parts.-Grounded parts are those parts which may be 
considered to have the same potential as the earth. 

Properties of Devices. 

7060 Interrupting Rating.-Interrupting (breaking or rupturing) 
a- rating based upon the r. m. s. current at normal voltage 
which the device can interrupt under prescribed conditions at stated 
intervals a specified number of times. 

OPERATION 
Temperature Limits 

7101* Circuit Breakers, Relays and Switches.—The maximum observ¬ 
able temperature rises of the various parts of circuit breakers, relays 
and switches shall not exceed the following limits for ambient 
'§7m"P including but not greater than 40°C. See 

Contacts in air, when clean and bright. 30 °C 

Oil and contacts therein,.. 30°c' 

Coils, if insulation is of unimpregnated fibrous material.... 35®C. 
Coils, if insulation is of fibrous material treated to with¬ 
stand heat. 

Coils, if insulation is of asbestos, mica or similar heat resist¬ 
ing material. 

Coils on which a thermometer can be applied’directly to’the sur¬ 
face of the bare wmdmg, such as those having bare edgewise strip 
conductors, shall be allowed lO^C. higher maximum observable 
temperature rise than permitted above for each kind of insulation 
Other parts: All other parts than those whose temperature affects 
the temperature of the insulating ma,^erial may be operated at such 
temperatures as shall not be injurious in any other respect 
7102 Magnetic Contactors.-The, maximum observable temperature 
rises o. the various parts of magnetic contactors shall not exceed the 
ollowing limits for ambient temperatures up to and including but 
not greater than 40° C. See §7302. * 

Laminated contacts. g^oQ 

Operating coils.’ .. vnor'* 

Solid contacts. ... 100°c' 


attention to the inherent decrease in current which can 
.urfacT Thna^^rf due to oxidization of the contact 

^^ Xancl to te . 1 , r " and circuit-breakers is. therefore, based on sufficient 

ntenance to keep the temperature rise within the specified limits. Relays which form 
part of controllers are to have the temperature limits specified in §7102. 
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Current-carrying parts insulated with asbestos or other 

fireproof material. 150°C. 

7106* Fuses.—The maximum observable temperature rise of coils or 
windings, measured by thermometer, shall not exceed the following 
limits for ambient temperatures up to and including but not greater 
than 40°C. ^ 

If insulation is of unimpregnated fibrous material. 35°C. 

If insulation is of fibrous material treated to withstand heat 50°C. 

If insulation is of asbestos, mica or similar heat resisting 

material with a cotton binder. 70°C. 

7106 Cast Grid Resistors.—The maximum observable temperature 

rises of cast grids used as resistors shall not exceed 350°C. for ambient 
temperatures up to and including but not greater than 40®C. 

RATING 

Expression of Rating 

7201 Rating of Circuit Breakers and Switches.—The rating of a circuit 
breaker or switch shall include the following items: 

(a) the normal r. m. s. current which it is designed to carry. 

(b) the normal r. m. s. pressure (voltage) of the circuit on which 
it is intended to operate. 

(c) the normal frequency of the current. 

(d) the interrupting rating of the device. See §7060. 

7202 Continuous Current-Carrying Capacity of Fuses.—Fuses shall 
be so constructed that they will carry continuously 110 per cent 
of their rated current. 

7206 Rating of Lightning Arresters.—The rating of a lightning arrester 
shall be the voltage of the circuit on which it is to be used. 

TESTS 
Heat Tests 

7301 Circuit-Breakers, Relays and Switches.—The rated current of 
circuit-breakers, relays and switches at rated frequency shall be 
applied continuously until the temperature becomes constant. The 
temperature rises measured by thermometer shall not exceed the lim¬ 
its specified in §7101. 

7302 Magnetic Contactors.—The rated current of magnetic contactors 
at rated frequencies shall be applied continuously or until the tem¬ 
perature becomes constant when continuous duty is specified. It 
shall be applied for the specified length of time when given a short 
time rating. The temperature rises measured by thermometer shall 
not exceed the limits specified in §7102. 

Tests of Dielectric Strength 

7323* Standard Test Voltage.— (a) Apparatus rated at 600 volts or less: 
The standard test voltage for all switching and control apparatus 


(7105) Coils or windings such as accompany fuses of the magnetic blow-out type. 
(7323) This assumes a precipitation of 1/lOth inch (2.54 mm.) i)er minute at an angle 
of 45* from the perpendicular with water having a resistivity as low as 7000 ohm-centi¬ 
meters. 
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rated at 600 volts or less shall be twice the normal voltage of the 
circuit to which the apparatus is to be connected plus 1000 volts. 

{b) Apparatus rated above volts: Apparatus rated above 600 

volts shall be tested at 2}^ times rated voltage, plus 2000 volts 
at a specified altitude. ' 

*As a supplementary test, devices for outdoor use should be capable 
of withstanding for 10 seconds a dielectric wet test at twice rated 
voltage plus 1000 volts. 

(c) Auto-Transformers for Motor starters: Auto-transformers for 
inotorstarters shall be tested with the same voltage as the test voltage 
of the apparatus to which they are to be connected. 

Tests of Lightning Arresters. 

7371 Resistance.—The resistance of the arrester at double potential 
and also at normal potential, shall be determined by observing the 
discharge currents through the arrester. 

7372 Arrester with Gap.-In the case of any arrester using a gap, a test 
shall be made of the spark potential on either direct-current or 60 
cycle a-c. excitation. 

7373 Equivalent Sphere Gap.—The equivalent sphere gap under dis¬ 
ruptive discharge shall be measured, using a considerable quantity 
of electricity. 

7374 Continuous Surges.—The endurance of the arrester to continu- 

ous surges shall be tested. 

7376 Dielectric Strength.—See §§ 2366 and 7323. 


BIBLIOGRAPHY 
United States 

Electric Power Club: Standardization Rules. 

National Board of Fire Underwriters: National Electrical Code. 
National Electric Light Association: Committee Reports. 

Foreign 

British Engineering Standards Association: Specifications for 
Starters for Electric Motors. 
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CHAPTER VIII. 

STANDARDS FOR METERS, INSTRUMENTS AND 
INSTRUMENT TRANSFORMERS 

The A. I E. E. Standards for Meters, Instruments and Instrument 
Transformers are the General Standards shown in Chapters II and III, 
and the Standards in other Chapters which are applicable to the devices 
involved, together with the modifications and extensions given in this 
Chapter. 

DEFINITIONS. 

8000* Meter. A meter is a device which registers through a totalizing 
mechanism, the integral, with respect to time, of the electrical 
quantity to which it responds. (This definition does not preclude 
the general use of "meter” as a suffix or in compound words, to mean 
a "measuring device.”) 

8001* Instrument. An instrument is a device which indicates or records 
the present value of the quantity under observation. 

8002 General Nomenclature. In general, the names of meters and 
instruments are self-defining. The following names are preferred 
to others sometimes used for the same devices: Reactive-Factor 
Meter, Power-Factor Meter, Watthour Meter, Reactive Volt- 
Ammeter (or Reactive Volt-Ampere Indicator) etc. 

8003 Recording Instruments. Recording ammeters, voltmeters, watt¬ 
meters, etc. are instruments which record graphically, upon time 
charts, the values of the quantities they measure. 

8004 Crest Voltmeter. A crest voltmeter is a voltmeter depending for 
its indications upon the crest, or maximum value of the voltage of the 
system to which it is connected. Crest voltmeters shall be marked 
in true crest volts and also in the r. m. s. value of the sinusoidal wave 
having the same crest value. (See §2362.) 

8006 Synchronoscope (also called a Synchroscope or Synchronism 
Indicator). A synchronoscope is a device which indicates synchron¬ 
ism between two machines, and in addition shows whether the in¬ 
coming machine is fast or slow. 

8006 Line-Drop Voltmeter Compejisator. A line-drop voltmeter com¬ 
pensator is a device used in connection with a voltmeter which causes 
the latter to indicate the voltage at some distant point of the circuit. 

(8000 & 8001) While the word ‘‘instrument’' is a general term which may properly 
include indicating, integrating and recording devices, there is a tendency to restrict its 
use to indicating devices and to recording (graphic or curve drawing) devices. Integrating 
devices are then denoted by the word “meter.” This distinction gives rise to the above 
general definitions. 
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8007 Demand-Meter, (a) General: A demand-meter is a device 
which indicates or records the demand or maximum demand. In 
practise, two types are recognized. See § § 3464,3468,3460 and 3464. 

(J) Integrated-Demand-Meter: An integrated-demand-meter is a 
demand-meter which indicates or records the maximum demand ob- 
tamed through integration. 

(c) Lagged-Demand-Meter: A lagged-demand-meter is a demand- 
meter in which the indication of maximum demand is subject to a 
characteristic time lag. 


8020* Period of an_ Instrument. The period of an instrument, some- 
times called the periodic time," is the time taken for the pointer to 
make one complete oscillation (two consecutive swings). A swing is a 
complete movement in either direction. 


8030 Instrument Transformer. An instrument transformer is a trans- 
tormer suitable for use with measuring instruments; that is, one in 
which the^ conditions of phase and of current or potential in the 
primary circuit,^ are represented with acceptable accuracy in the 
secondary circuit. An instrument transformer may be either an 
instrument current transformer or an instrument potential (voltage) 
transformer. ^ ^ 


8031* Secondary Burden. The secondary burden of a current trans¬ 
former IS an expression in ohms and henrys of the resistance and 
inductance of the external circuit connected to the secondary of that 
transformer. 


8032 Voltage Ratio of Instrument Transformer. The voltage ratio of 
an instrument potential transformer is the ratio of the r.m.s. primary 
ermmal voltage to the r.m.s. secondary terminal voltage, under 
Specified secondary burden. 


8033 Current Ratio of Instrument Transformer. The current ratio 
of an instrument current transformer is the ratio of r.m.s. primary 
current to r.m.s. secondary current, under specified secondary burden. 

8034 Marked Ratio of Instrument Transformer. The marked ratio 
of an instrument transformer is the ratio which the apparatus is 
designed to pve under average conditions of use. When a precise 
ratio is required, it is necessary to specify the voltage or current, 
irequency, load and secondary burden. 


OPERATION. 

8101 Permissible Temperature in Shunts.—(a) General: The limiting 
noreim ^d shunts measured by Method I shall 


(b) ExcepHons: The above rule shall not apply to shunts 
having no soldered joint and made of material which is not per- 

mivemint.’'" instruments, the period is influenced by the amplitude of the 


(8031) Considerable uncertainty of meaning has been 
terms, load, secondary load, and secondary connected load 
IS discouraged. 


occasioned by the use of the 
for this quantity, and such use 
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manently changed in resistance if continuously subjected to a higher 
temperature. 

8110 Grounding of Meters and Instruments. The covers of meters and 
instruments, which are used with current and potential transformers, 
shall be connected to the grounded sides of the secondary circuits of 
such transformers in all cases where the indications of the instrument 
are liable to be influenced by electrostatic action. 

8111 Instrument Current Transformers on Open Secondary Circuit. 
Under conditions of open secondary circuit, current transformers 
shall be capable of carrying continuously rated primary current 
without damage to the primary insulation and without interruption 
of service. 

8112 Instrument Current Transformers on Closed Secondary Circuit. 
Under conditions of closed secondary circuit, current transformers 
shall withstand 40 times rated current applied for 1 second, without 
injury. 

RATING 

8200 General. The rating of a meter is a designation assigned by 
the manufacturer to indicate its operating limitations. The full scale 
marking of an instrument does not necessarily correspond to its 
rating, but if the rating differs from the full scale marking, the rating 
shall be marked on the instrument. 

8201 Standard Ambient Temperature.—For purposes of rating meters 
and shunts, the standard ambient temperature shall be 40°C. See 
§§8301 and 2211. 

8202 Rating Limitation of the Circuits of Meters and Instruments. No 
circuit of a meter or instrument shall be given a rating higher than 
that corresponding to the maximum current or voltage to which it 
may be continuously subjected. 

8203* Temperature Rise of Meter and Instrument Windings. The 
permissible temperature rises in meters and instruments shall be 
based upon the temperatures specified in §1006 and the standard 
ambient temperature of 40° C. 

8204 Temperature Rise in Shunts. Shunts shall be rated in accordance 
with their observable temperature rise by Method 1, assuming 
the ultimate temperatures specified in §8101 and an ambient tem¬ 
perature specified in §8201. 

TESTS. 

8300 Measurement of Temperature Rise of Shunts. Observable 
temperature shall be measured in such a manner as not to cause 
local change of temperature. 

8301 Standard Temperature of Reference for Meter and Instrument 
Characteristics. The standard temperature of reference for meter 
and instrument characteristics shall be 20° C. See §§8201, 2211. 

(8203) Heating is frequently an immaterial consideration in determining the rating of 

meters and instruments. Losses, impairment of accuracy and other factors often determine 

the rating. 
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8302 Damping. The pointer being at zero before any load is applied, 
damping shall be measured by suddenly applying and maintaining a 
load which will give a steady deflection of one-half full angular scale, 
and observing the following quantities: * 

{a) The number of swings taken by the pointer in coming to rest. 
{h) The time, in seconds, required for the pointer to come to rest. 
{c) The overshooting, in per cent of the angular displacement due 
to the disturbance. 

Dielectric Strength of Instrument Transformers. 

8310 Test Voltage Instrument Potential Transformers. The test 
voltage for instrument potential transformers shall be twice the 
normal voltage of the circuit to which it is connected plus 1000 volts. 

8311 Test Voltage of Instrument Current Transformers. The test 
voltage of instrument current transformers shall be times' the 
rated voltage plus 2000 volts. 

8312 Test Voltage for Meters and Instruments. (The Institute is 
not at present in a position to make recommendations.) 

SPECIFICATION OF CHARACTERISTICS. 

8600^ Errop of Indicating Instruments. In specifying the accuracy of an 
indicating instrument, the error at any point on the scale shall be ex¬ 
pressed as a percentage of the full scale reading. 

8601^ Torque. The torque of meters and instruments shall be expressed 
in millimeter-grams. 

8602 Damping. The damping of an instrument shall be expressed in 
terms of the quantities enumerated in §8302, all three of which are 
essential to a complete description. 

8303* Marking of Switchboard Shunts. The marking of switchboard 
shunts shall include the rating in amperes, the drop in volts at that 
rating, and the serial number of any instrument in connection with 
which the shunt may be calibrated. When shunts are designed to be 
used with devices taking sufficient current to be an appreciable pro¬ 
portion of the whole, this fact shall be indicated. 

BIBLIOGRAPHY. 

United States. 

Association of Edison Illuminating Companies and National 
Electric Light Association: Joint Meter Code. 

Bureau of Standards, Circular No. 56, entitled “Standards for 
Electric Service.” 

Foreign 

British Engineering Standards Association: Standard Specifications 
for Indicating Ammeters, Voltmeters and Wattmeters; Standard 
Specifications for Recording (GfHphic) Ammeters, Voltmeters, 
and Wattmeters, Standard Specifications for Instrument Trans- 
_ formers ; St anda rd Specifications for Elec tricity Meters. 

(8503) For example, if with 100 amperes rated load in the main circuit, a measuring 
device takes 10 amperes, leaving 100 less 10 amperes in the shunt with a drop of 0.050 
volts, the shunt shall be marked: Volts 0.050. Amperes JOO less 10. 
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CHAPTER IX. 

STANDARDS FOR WIRES AND CABLES 


DEFINITIONS. 

9000* Wire, A wire is a slender rod or filament of drawn metal. 

9001* Conductor. A conductor is a wire or combination of wires not 
insulated from one another, suitable for carrying a single electric 
current. 


9002* Stranded Conductor. A stranded conductor is a conductor com¬ 
posed of a group of wires, or of any combination of groups of wires. 

9003 Strand. A strand is one of the wires, or'groups of wires, of any 
stranded conductor. 


9004* Cable.—A cable is either a stranded conductor (single-conductor 
cable), or a combination of conductors insulated from one another 
(multiple-conductor cable). 

9006* Stranded Wire.—A stranded wire is a group of small wires, used 
as a single wire. 


(9000) The definition restricts the term to what would ordinarily be understood by the 
term ‘solid wire." In the definition, the word "slender" is used in the sense that the 
length IS great in comparison with the diameter. If a wire is covered with insulation, it 
18 properly called an insulated wire; while primarily the term "wire" refers to the metal 
nevertheless when the context shows that the wire is insulated, the term "wire" will be 
understood to include the insulation. 

(9001) The term "conductor" is not to include a combination of conductors insulated 
from one another, which would be suitable for carrying several different electric currents. 
Rolled conductors (such as bus-bars) are. of course, conductors, but are not considered 
under the terminology here given. 

(9002) The wires in a stranded conductor are usually twisted or braided together. 
(9004) The first knd of cable is a single conductor, while the second kind is a group of 

several conductors. The componentconductorsofthe secondkindofoablemaybeeithersolid 

or stranded.and this land of cable may or may not have a common insulating covering. The 
term cable is applied by some manufacturers to a solid wire heavily insulated and lead- 
covered; this usage arises from the manner of the insulation, but such a conductor is not 
ncluded under this definition of "cable." The term "cable" is a general one. and in prac- 

or a ‘lord"" Wh® ^ ® "stranded wire" 

or a cord . both of which are defined below. Cables may be bare or insulated, and the 
latter may be armored with lead, or with steel wires or bands. 

(9005); A trae hM been defined as a slender rod or filament of drawn metal. If such a 
filament IS subdivided mto several smaller filaments or strands, and is used as a single 
wire. It IS called a "stranded wire." There is no sharp dividing line of size between a 
s randed wire and a cable . If used as a wire, for example in winding inductance coils 

LX^f"cfrd^°SfiLdS'" “ ^“bstantially insulated, it 
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9006* Cord.—A cord is a small cable, 
insulated to withstand wear. 


very flexible and substantially 


9007 Concentric Strand.-A concentric strand is a strand composed of a 
central core surrounded by one or more layers of helically-laid wires 
or groups of wires. 

9008 Concentric-Lay Cable.-A concentric-lay cable is a single-conduc- 
tor cable composed of a central core surrounded by one or more layers 
of nehcally-laid wires. 

9009* Rope-Lay Cable.—A rope-lay cable is a single-conductor cable 
composed of a central core surrounded by one or more layers of heli- 
cally-laid groups of wires. 

9010* N-Conductor Cable.—An N-conductor cable is a combination of 
N conductors insulated from one another. 

9011* N-C6nductor Concentric Cable.-An N-conductor concentric cable 
IS a cable composed of an insulated central conductor with (N-1) 
tubular stranded conductors laid over it concentrically and separated 
by layers of insulation. 


9012* Duplex Cable. A duplex cable is a cable composed of two insu¬ 
lated stranded coiuductors twisted together. 

9013 Twin Cable.—A twin cable is a cable composed of two insulated 
stranded conductors laid parallel, having a common covering. 

9014 Twin Wire.—A twin wire is a cable composed of two small insu¬ 
lated conductors laid parallel, having a common covering. 

9016* Triplex Cable.—A triplex cable is a cable composed of three 
insulated single-conductor cables twisted together. 

9016* Twisted Pair. A twisted pair is a cable composed of two small 
insulated conductors, twisted together, without a common covering. 
9017* Sector Cable.—A sector cable is a multiple-conductor cable in 
which the cross-section of each conductor is substantially a sector, an 
ellipse, or a figure intermediate between them. 

9018 Round Conductor.—A round conductor is either a solid or stranded 
conductor of which the cross-section is substantially c ircular. 

There is no sharp dividing line in respect to size between a “cord” and a “cable 
and likewise no sharp dividing line in respect to the character of insulation between * 
cord” and a "stranded wire." Rubber is used as the insulating material for many clasiea 
of cords. 

(9009) This kind of cable differs from the preceding in that the main strands are them¬ 
selves stranded. 

(9010) It is not intended that the name as here given be actually used. One would 
instead speak of a “3-conductor cable.” a "12-conductor cable” etc. In referring to the 
general case, one may speak of a "multiple-conductor cable” (as in §9004 above.) 

(9011) This kind of cable usually has only two or three conductors. Such cables are 
used particularly for alternating currents. The remark on the expression "N-conductor” 
given for the preceding definition also applies here. 

(9012) They may or may not have a common insulating covering. 

(9015) They may or may not have a common insulating covering. 

(9016) The two conductors of a "twisted pair" are usually substantially insulated, so 
that the combination is a special case of a "cord.” 

(9017) Sector cables are used in order to obtain decreased overall diameter and thut 
permit the use of larger conductors in a cable of given diameter. 
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9019* Split Conductor.—A split conductor is a conductor which is 
divided into two or more parts, separated from one another by 
insulation which is thin compared with the insulation around the 
conductor. 

9030 Factor of Assurance.—The factor of assurance of wire or cable 
insulation is the ratio of the voltage at which it is tested to that 
at which it is used. 

9031 Insulation Resistance.—The insulation resistance of an insulated 
conductor is the electrical resistance offered by its insulation, to an 
impressed voltage tending to produce a leakage of current through 
the same. 

9032* Circular Mil.—A circular mil is a unit of area equal to 

TT 

0.7854...) of a square mil. The cross-sectional area of a 

circle in circular mils is therefore equal to the square of its diameter 
in mils. A circular inch is equal to a million circular mils. 

9033* Lay.—The lay of any helical element of a cable is the axial 
length of a turn of the helix of that element. | 

9034 Direction of Lay.—The direction of lay is the lateral direction in 
which the strands of a cable run over the top of the cable as they 
recede from an observer looking along the axis of the cable. 

ANNEALED COPPER STANDARD 

9060* Standard Annealed Copper.— {a) General: The following shall 
be taken as normal values for standard annealed copper. 

{h) Resistance: At a temperature of 20° C., the resistance of a 
wire of standard annealed copper one meter in length and of a uni¬ 
form section of 1 square millimeter is 1 /58 ohm = 0.017241.... ohm. 

(r) Density. At a temperature of 20°C., the density of standard 
annealed copper is 8.89 grams per cubic centimeter. 

{d) Temperature Coefficiefit of Resistance: At a temperature 
of 20 C., the “constant mass” temperature coefficient of resistance 
of standard annealed copper, measured between two potential points 

(9019) The term split conductor usually designates a conductor in two parts or splits, 
which may be either concentric or external to one another. 

(9032) A mil is the one-thousandth part of an inch. There are 1974 circular mils in a 
square milimeter. 

(9033) Among the helical elements of a cable may be each strand in a concentric-lay 
cable, or each insulated conductor in a multiple conductor cable. 

(9050) See I. E. C. Publication No. 28, “International Standard of Resistance for Cop¬ 
per”, March, 1914. 

Paragraphs (b) and (e) define what are sometimes called “Volume Resistivity" and 
“Mass Resistivity”, respectively. This may be expressed in other units as follows: 

Volume Resistivity =1.7241 microhms-cm. (microhms in a centimeter cube) at 
20“ C. 

Mass Resistivity = 875.20 ohms (mile, pound) at 20“ C. 

For detailed specifications of commercial copper see the Standard Specifications of the 
American Society for Testing Materials. 



WIRES AND CABLES 


1605 


rigidly fixed to the wire, is 0.00393 = 1/254.45_per degree centi¬ 

grade. 

{e) Resistance of Standard Annealed Copper at 20° C: As a 
consequence, it follows from {a) and (5) that, at a temperature of 
20° C. the resistance of a wire of standard annealed copper of uni¬ 
form section, one meter in length and weighing one gram, is (1/58) 
X 8.89 = 0.15328.... ohm. 

OPERATION 

Temperature Limits. 

9100* Maximum Temperatures.—The temperature of the insulation of a 
wire or cable at the surface of the conductor shall not be allowed to 
exceed the following values. 

Let t — maximum safe temperature 

JS = r. m. s. operating electromotive force in kilovolts between 
conductors 

Impregnated paper, t = 85— E 

Varnished cambric, t = 75—E 

E 

Rubber insulation, t = 60- 

4 

DESIGNATION 

9200 Designation of Wires by Diameter or Gage Number.—The sizes of 
wires shall be stated by their diameters in mils, the American Wire 
Gage (Brown and Sharpe) sizes being taken as standard. For 
brevity, in cases where the most careful specification is not required, 
the sizes of wires may be stated by the gage number in the American 
Wire Gage. 

9201 Designation of Cables by Cross-Sectional Area.—The sizes of 
stranded conductors shall be stated by their cross-sectional area in 
circular mils or circular inches, except in the case of flexible stran¬ 
ded conductors, for which see §9402. The cross-sectional area of a 

(9100) For example: At a working pressure of 3.3 kv., the maximum safe limiting 
temperature at the surface of the conductor, or conductors, in a cable would be as follows: 

For impregnated paper 81.7 “C. 

“ varnished cambric 71.7 ®C. 

“ rubber insulation 69.2 "C. 

The life of the insulation of a cable depends in a great measure upon the actual tempera¬ 
ture attained by the msulation. The result of operating at temperatures in excess of the 
safe limit is to shorten the life of the insulating material. When the safe limits are ex¬ 
ceeded, deterioration is rapid and permanent, the damage increasing with the length of 
time that the excessive temperature is maintained and with the amount of excess tempera¬ 
ture until finally the insulation breaks down. 

Some of the older types of cable for voltages above 7500 have a dielectric loss that is so 
high that it may add considerably to the heating that would otherwise result. In such 
cases the dielectric loss is a material factor in determining the safe load to be carried by the 
cable, and the safe operating temperature will be determined by the temperature at which 
cumulative heating occurs under the conditions of service, if this occurs at a lower tempera¬ 
ture than that at which the insulation deteriorates. 
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cable shall be considered to be the sum of the cross-sectional areas of 
its component wires, when measured perpendicular to their axes. 
The sizes of stranded conductors smaller than 250,000 circular mils 
No. 0000 A.W.G. or smaller) may be stated by means of the 
gage number of a solid wire having the same cross-sectional area. 

9202* Conductivity.—The conductivity of the metal of wires shall be 
expressed in terms of the conductivity of the Annealed Copper 
Standard, as defined in §9050. 

9203* Copper-Wire Tables.—The copper-wire Tables published by the 
Bureau of Standards in Circular No. 31 are adopted. Table VI 
therein gives the values of diameters and cross-sections of A. W. 
G. sizes to four significant figures. These Tables are based upon 
the Annealed Copper Standard described in §9060. 


TESTS. 

General 

9300 Cable Lengths Tested.—Electrical tests of insulation on wires 
and cables shall be made on the entire lengths to be shipped. 


9301 Immersion in Water.—(o) General: The outer surface of the 
insulation of complete insulated wires and cables shall be grounded 
while being electrically tested. If the insulation is not provided 
with a conducting covering, and if the covering is not liable to injury 
by water, the ground shall be obtained by immersing the insulated 
wire or cable in water for at least twelve hours and testing at the 
end of that period while immersed. If the outer covering is sus¬ 
ceptible to injury by immersion, the insulated conductor shall be 
tested before the application of such covering. 

Dry core paper insulated lead covered cables, such as telephone and 
telegraph cables, for use in water, shall be tested after at least 
twelve hours immersion. 

(b) Multiple-Conductor Cable: In the case of multiple-conductor 
cables, without waterproof overaU jacket of insulation, no immersion 
test should be made on finished cables, but only on the individual con- 
ductors before assembling. 


jL»ieiectnc Strength 

9310 Object of Tests.—High voltage tests are intended to detect 
weak spots in the insulation and to determine whether its 
(9202) For any given wire, let 

C = randuotivity. in per cent of Annealed Copper Standard 
L = length, meters 
R *= resistance, ohms 
W = weight, grams 
t = temperature, degrees centigrade 
Then the conductivity may be derived from the following formula: 

^ _ 15.328 


WR 

£* 


+ 0.000597 (20—0 


standard Sped. 


WIRES AND CABLES 


1667 


dielectric strength is sufficient for enabling it to withstand the 
voltage to which it is likely to be subjected in service, with a suitable 
factor of assurance. 

9311 Nature of Tests.—High-voltage tests shall be made at the 
factory, by applying an alternating voltage between the conductor 
and sheath or water. The initially applied voltage must not be 
greater than the working voltage, and the rate of increase shall be 
approximately uniform and not over 100 per cent in 10 seconds. 

9312* Magnitude and Duration of the Test Voltage.—(a) General: 
Wires and cables shall be tested at the place of manufacture for five 
consecutive minutes, except as provided in § 9312 (b) and (f). 

{b) Rubber Insulation, National Electrical Code: Rubber covered 
wires and cables for working pressures up to 600 volts alternating, 
insulated in accordance with the requirements of the National 
Electrical Code, shall be tested in accordance with that Code. 

(c) 30% to 40% Hevea Rubber Insulation for Pressures up to 600 

Volts, a-c.: Wires and cables for working pressures up to 600 volts 
alternating, insulated with 30% to 40% Hevea rubber compound, 
unless the insulation thickness is less than specified in §9406, shall 
be tested in accordance with Table 901. 


TABLE 901 

High Voltage Tests for Rubber Insulated Wires and Cables. 

(30% to 40% Hevea Rubber Insulation for working pressures up to 600 Volts a-c.) 


Size A. W. G. or 
Cir. Mils. 

Size 

Sq. mm. 

Test pressure 
kilovolts 

14-8 

2.081 - 8.366 

3.0 

7-0000 

10.55 -107.2 

3.5 

250,000 & larger 

127 and larger 

4.0 


(d) Thirty to Forty per cent Hevea Rubber Insulation for Pressures 
over'^00 Volts A-C: Wires and cables insulated with 30% Hevea 
rubber compound for working pressures over 600 volts alternating, 
shall be tested with one kilovolt per 64th inch of thickness (2.63 kv, 
per mm.) up to 10/64th inch, (3.96 mm.) Above 10/64ths inch, 
(3.96 mm.), the test pressure shall be 10 kilovolts plus 1.5 kilovolts 
per 64th inch (3.79 kv. per mm.) additional up to 30/64ths inch 
(11.89 mm.). Where the insulation thickness is 16/64ths inch 
(6.34 mm.) or over, this rule shall apply only to conductors over 
26,000 cir. mils (13.2 sq. mm.) area. 

(e) Varnished Cambric and Impregnated Paper Insulation: Varn¬ 
ished cambric and impregnated paper insulated wires or cables 
shall be tested in accordance with Table 902. 

(9312-c) Hevea rubber is rubber from the Hevea Brasiliensis tree. Compounds con¬ 
taining 30 to 40% of Hevea rubber have electrical and mechanical properties superior to 
compounds insulated in accordance with the requirements of the National Electric Code. 

(9312-e) Different engineers specify different thickness of insulation for the same work¬ 
ing voltages. Therefore, at the present time the test kv. corresponding to working kv. 
given in Table 902, are based on the minimum thickness of insulation specified by 
engineers and operating companies. 
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TABLE 902 

High-Voltage Tests for Varnished Cambric or Impregnated Paper Insu¬ 
lated Cables. 


(Minimum Values.) 


Operating kv. 

Test kv. 

Operating kv. | 

Test kv. 

Below 0.5 

2.5* 

5 

14 

0.5 

3 

7.5 

19.5 

1 

4 

10 

25 

2 

6.5 

over 10 

23 ^ times oper¬ 

3 

9 


ating pressure 

4 

11.5 




♦The minimum thickness of insulation shall be 1 /16 in. (1.6 mm.) 


For intermediate working voltages, the test voltage shall be interpolated. 

(/) Telephone, Telegraph and Annunciator Wires and Cables: 
Section 9312 shall not apply to wires and cables for telephone, 
telegraph, annunciator and similar devices. 

9313 Frequency of Test Voltage.—The frequency of the test voltage 
shall not exceed 100 cycles per second, and should approximate as 
closely as possible to a sine wave. The source of energy should be of 
ample capacity. 

9314 Dielectric Strength Tests.—Ultimate dielectric strength tests, when 
required, shall be made on samples not more than 6 meters (20 ft.) 
long. The maximum allowable temperature, at which the test is 
made, for the particular type of insulation and the particular working 
pressure, shall be not greater than the temperature limits given in 
§9100. 

9316 Multiple-Conductor Cables.—If a multiple conductor cable is 
designed for the same operating voltage between conductors and 
sheath or water as between conductors, each conductor shall be 
tested against the other conductors connected together and to the 
sheath or water. If the cable, is designed for an operating voltage 
between conductors and ground different from that between con¬ 
ductors, the test between conductors and the sheath or water shall 
be made separately and shall be based on the normal operating 
voltage between conductors and sheath or water as prescribed in 


Insulation Resistance 

9320* Expression of Insulation Resistance.—Insulation resistance 
shall be expressed in megohms. Linear insulation resistance, or the 
insulation resistai^ce of unit length, shall be expressed in terms of the 
megohm-kilometer, or the megohm-mile, or the megohm-thousand- 
leet, and shall be corrected to a temperature of 15.5° C., using a 

(9320) In fte case of dry core paper insulated cables, the temperature coefficient of 
i ulation resistance tannot be closely determined on account of variations in design and 

tanoetstr'Te^ta shouM h° corrections shall be applied to insulation resis- 

lance tests. Tests should be made at a temperature of 15.5 ® C. or higher. 
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temperature coefficient determined experimentally for the insulation 
under consideration. 

9821 Megohms Constant— The megohms constant of an insulated 
conductor shall be the factor "K" in the following equation: 

R = K logic 

a 

where R = insulation resistance, in megohms, for a specified unit 
length. 

D == outside diameter of insulation. 
d == diameter of conductor. 

Unless otherwise stated, K will be assumed to correspond to the mile 
unit of length. 

9322 Measurement of Insulation Resistance.—The apparent insula¬ 
tion resistance should be measured after the high-voltage test, 
measuring the leakage current after a one-minute electrification, with 
a continuous e.m.f. of from 100 to 500 volts, the conductor being 
maintained negative to the sheath or water. 

9323 Insulation Resistance of Multiple-Conductor Cables,—The insula¬ 
tion resistance of each conductor of a multiple-conductor cable shall 
be the insulation resistance measured from each conductor to all the 
other conductors in multiple with the sheath or water. 

Capacitance or Electrostatic Capacity 

9330* Expression of Capacitance.—Capacitance shall be expressed in 
microfarads. Linear capacitance, or the capacitance of unit length, 
shall be expressed in microfarads per unit length (kilometer, or mile, 
or one thousand feet), and shall be corrected to a. temperature of 
16.5 C., using a temperature coefficient determined experimentally 
for the insulation under consideration. 

9331 Microfarads Constant.—The microfarads constant of an insulated 
conductor shall be the factor "K" in the following equation: 


Logio-— 

a 

where C capacitance in microfarads per unit length. 

D =» outside diameter of insulation. 
d « diameter of conductor. 

Unless otherwise stated, K will be assumed to refer to the mile 
unit of length. 


(9330) In the case qf dry core paper insulated cables, the temperature coefficient of 
capacitance cannot be determined closely on account of variations in design and manufac¬ 
ture. Therefore no temperature corrections shall be applied to capacitance tests. Tests 
should be made at a temperature of 16.6* C. or higher. 
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TABLE 903 

Proposed Standard Cables 

(This table is offered for consideration but will not be recommended for final adop¬ 
tion until ratified by other societies interested.) 


Strands 

Total 

nominal 

Total 

diam. 

inches 

Number & 
Size. See 
Note 4. 

1 Individual wires 

Nominal diam. 
mils 

Nominal 
cir. mils. 

circular 

mils 

127 No. 8 

128.5 

16,510 

2,097,000 

1.671 

127 No. 9 

114.4 

13.090 

1,662,000 

1.487 

91 No. 8 

128.5 

16,510 

1,502,000 

1.414 

91 No. 9 

114.4 

13,090 

1,191,000 

1.258 

61 No. 8 

128.5 

16,510 

1,007,000 

1.157 

61-121 mils 

121.0 

14.641 

893,100 

1.089 

61 No. 9 

114.4 

13,090 

798,500 

1.030 

61-107 mils 

107,0 

11,449 

698,400 

.963 

61 No. 10 

101.9 

10,380 

633.'^00 

.917 

37-116 mils 

116.0 

13,456 

497,900 

.812 

37 No. 10 

101.9 

10,380 

384,100 

.713 

37-97 mils 

97.0 

9,409 

348,100 

.679 

37 No. 11 

90.74 

8,234 

304,700 

.635 

19 No. 9 

114.4 

13,090 

248,700 

.572 

19-107 mils 

107.0 

11,449 

217,500 

.535 

19 No. 11 

90.74 

8,234 

156,400 

.454 

19 No. 12 

80.81 

6,530 

124,100 

.404 

19 No. 13 

71.96 

5,178 

98,380 

.360 

19 No. 14 

64.08 

4,107 

78,030 

.320 

7 No. 10 

101.9 

10,380 

72,660 

.306 

7 No. 11 

90.74 

8,234 

57,640 

.272 

7 No. 12 

80.81 

6,530 

45,710 

.242 

7 No. 14 

64.08 

4,107 

28,750 

. 192 

7 No. 16 

50.82 

2,583 

18,080 

.152 

7 No. 18 

40.30 

1,624 

11,370 

.121 

7 No. 20 

31.96 

1,022 

7,154 

.096 

7 No. 22 

25.35 

642.4 

4,497 

.076 

7 No. 24 

20.10 

404.0 

2,828 

.060 


Note 1. Nominal diameters and circular mils of the individual wires are taken from 
Table VI, circular No. 31 of the Bureau of Standards. 

Note 2. The variation of the mean diameter of any wires shall not exceed 1 per 
cent above or below the nominal diameter. 

Note 3. The variation of the total cross-section of the cable shall not exceed 1 per 
cent above or below the nominal cross-section. 

Note 4. Sizes are expressed as A. W. G. numbers except where diameters are 
given in mils. 
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9332 Measurement of Capacitance.-The capacitance of cable shall 


Tf- f witn a Standard 

9333 Capacitance of Paired Cables.-The capacitance of paired cables 

s all be measured between the two conductors of any pair the 
other wires being connected to the sheath or ground 

9334 Capacitance of Multiple-Conductor Cables (not paired) -The 
capacitance of multiple conductor (not paired) cables shall be 

^Tt’he^lh^ conductors, and also between each conduct^ 

and the other conductors connected to the sheath or ground. 

CONSTRUCTION 
Stranding 

9400* Proposed Standard Cables.—Insulated 


• M -- xxisuicibea cables not reauirinp 

SSld “Sm. 9o“ 

9401 Cables not Requiring Special Flexibility.-Cables not requiring 
special flexibility and not made in accordance with §9400 shall be 
stranded in accordance with Table 904. 

TABLE 904 




Number of Wires (See note 2) I 

SIZE 

(See note 1.) 

Sq. mm. 

A 

Bare, insulated or 
weatherproof 
cables for aerial use. 

B 

Insulated cables 
for other than 
aerial use. 

2.0 Cir. Inches 

1,5 « 

1.0 « 

1013 

760 

607 

91 

61 

61 

127 

91 

61 

0.6 « 

0.6 « 

0.4 « 

304 

253 

203 

37 

37 

19 

61 

37 

37 

d 

< 

o 

o 

o o 
o o 

107 

67.4 

33.6 

19 or 7 (See note 3.) 
7 

7 

19 

19 

7 

7 and smaller | 

10.6 


7 1 


--, iicjtt larger size. 

tabtl?str?nl"rT ‘W. 

table of stranding should not be interpreted as excluding this practice. 

Note s. Class A cable, sizes 0000 and 000 A. W. G., is usually made of 7 strands 
when bare and 19 strands when insulated or weatherproof. 

(9400) The basis of this rule is the use of strands of American Wire Gage sizes. To 
siseVhrve b® operating conditions, four sizes of strands other than American Wire Gags 
sizes have been dsesxed necessary and their diameters are shown in mils. 
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9402Flexible Cables.—Conductors of special flexibility should ordi¬ 
narily be made with wires of regular A.W.G. sizes, and rated by the 
number and size of wires. The stranding of flexible cables is given 
in Table 905. 


TABLE 905 

Stranding of Flexible Cables 


Nearest 

A.W.G. 

size 

(see Note 1) 

Circular 

mils 

(seeNote2) 

Diam. 

of 

cable, 

mils 

No. of 
wires 

Size of each wire 

Construction 
(see Note 3) 

A.W.G. 

Diam. 

mils 


2039000 

1885. 

703 

15.5 

53.9 

37 X 19 


1816000 

1779. 


16.0 

50.8 



1617000 

1679. 

a 

16.5 

48.0 

44 


1440000 

1584. 

u 

17.0 

45.3 

u 


1284000 

1496. 

ii 

17.5 

42.7 

44 


1103000 

1372. 

427 

16.0 

50.8 

61 X 7 


874600 

1222 . 

(( 

17.0 

45.3 

« 


693600 

1088. 

14 

18.0 

40.3 

44 


660000 

969. 

u 

19.0 

35.9 

it 


436200 

863. 

44 

20.0 

32.0 

it 


345900 

768. 


21.0 

28.5 



274300 

684. 

“ 

22.0 

25.3 

u 


264600 

671. 

259 

20.0 

32.0 

37 X 7 

0000 

209800 

598. 

it 1 

21.0 

28.5 

44 

000 

171300 

538. 

133 

19.0 

35.9 

19 X 7 

00 

135900 

479. 


20.0 

32.0 

it 

0 

107700 

427. 


21.0 

28.5 

“ 

1 

82780 

332. 

91 

20.5 

30.2 

Concentric 

2 

65650 

295. 


21.5 

26.9 


3 

62060 

263. 

“ 

22.5 

23.9 


4 

39190 

228. 

61 

22.0 

25.3 

it 

6 

31080 

203. 


23.0 

22.6 

it 

6 

24650 

181. 

“ 

24.0 

20.1 

it 

8 

17410 

152. 


25.5 

16.9 

it 

10 

10560 

118. 

37 

25.5 

16.9 

U 

12 

6640 

94. 

a 

27.5 

13.4 


14 

4176 

74. 


29.5 

10.6 

it 




To equal 




Smaller 



Required 

30.0 


Bunched 




Size 





Note 1 . The A.W.G. cross-sectional areas except for 61 strands, are approximated 
within 2 per cent. In the case of 61 strand cables the approximation is 6 per cent. 

Note 2 . Circular mils are based on theoretical diameters of A.W.G. sizes, which 
vary above or below values given in table by less than 0.1 mil. 

Note 3. *'61 X 7” in the rating of a rope-lay cable sigfnifies 61 strands of 7 wires 
each. 

(9402) Where necessary to closely approximate a regular size cable, the strands may be 
made of half-size wires from No. 15 to No. 30 A. W. G. 










WIRES AND CABLES 


1673 


9403* Correction for Lay.—Two per cent shall be taken as the standard 
increment of resistance and of mass, due to stranding. In cases 
where the lay is definitely known, the increment should be cal¬ 
culated and not assumed. 

Thickness of Insulation 

9406 Thickness of Insulation for Rubber Insulated Wires and Cables.— 
Unless special conditions warrant departures from this rule, the 
thickness of insulation for rubber compounds containing from 30 to 
40 per cent of Hevea rubber, shall be in accordance with Table 906. 

TABLE 906 

Thickness of Insulation 


30 to 40 per cent Hevea Rubber Compound 
Recommended Walls of Insulation, 64ths. Inch. 



Notes. In multiple conductor cables, the thickness of insulation on each conductor 
shall be based on the highest r. m. s. voltage between the conductor and the outside of 
this insulation. The above table is based upon alternating voltages of commercial 
frequencies. For voltages over 600, the insulation thickness for direct-current cable 
has not been established. For intermediate sizes the insulation thickness should be 
the same as for the next larger sizes. 

BIBLIOGRAPHY 
United States 

American Electric Railway (Engineering) Association: Wire and Cable 
Specifications. 

Association of Railway Electrical Engineers: Wire and Cable Specifica¬ 
tions. 

(9403) The resistance and mass of a stranded conductor are greater than in a solid 
conductor of the same cross sectional area, depending on the lay the pitch of 
the twist of the wires). 
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CHAPTER X. 

STANDARDS FOR STORAGE BATTERIES 


Rules to be included in the Chapter have been prepared, and await 
final consideration before publication. 
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CHAPTER XL 

STANDARDS FOR ILLUMINATION 

This chapter consists of extracts from the Report of the Committee 
on Nomenclature and Standards of the Illuminating Engineering Society 
for the year 1918. It is here included by permission. 

General 

11000 Radiant flux, cj), is the rate of flow of radiation evaluated with 
reference to energy, and is expressed in ergs per second or in watts. 

11001 Luminous flux, F, is the rate of flow of radiation evaluated with 
reference to visual sensation, and is expressed in lumens. 

11002 Visibility, K\ , of radiation of a particular wave-length is the ratio 
of the luminous flux at that wave-length to the corresponding radiant 
flux. 

Defining equation: 



11003* The Mechanical equivalent of light is the ratio of radiant flux 
to luminous flux for the wave-length of maximum visibility, and is 
expressed in ergs per second per lumen, or in watts per lumen. It is 
the reciprocal of the maximum visibility. 

11004 Luminosity of a particular wave-length is the product of the 
visibility of that wave-length and the corresponding ordinate of the 
spectral curve of radiant flux, and is represented by the ordinate of 
the spectral curve of luminous flux. This curve is called the 
spectral luminosity curve and is different with different sources. 

11005 The Luminous efficiency of any source is the ratio of the 
luminous flux to the radiant flux from the source and is expressed in 
lumens per watt. 

11006 Luminous intensity /, of a source of light in a given direction 
is the solid angular density of the luminous flux emitted by the source 
in the direction considered, when the flux involved acts as far as 
computation and measurements are concerned, as if it came from a 


(11003). This term has been used in a variety of senses.. As here defined it refers only to 
the minimum mechanical ecjuivalent of light. The reciprocal of this quantity is some¬ 
times called the luminous equivalent of radiation. 
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point. Gr, it is the flux per unit solid angle from that source in the 
direction considered. The flux from any source of dimensions which 
are negligibly small by comparison with the distance at which it 
is observed, may be treated as if it were emitted from a point. 

Defining equation: 


or, if the intensity is uniform, 


where CO is the solid angle. 

11007 Illumination, E, of a surface at any point is the luminous flux 
density on the surface at that point, or the flux per unit of in¬ 
tercepting area. 


Defining equation: 


or, when uniform, 


where 5 is the area of the intercepting surface. 

11008* Candle is the unit of luminous intensity maintained by the 
national laboratories of France, Great Britain and the United States. 

11009 Candlepower, cp., is luminous intensity expressed in candles. 

11010* Lumen, /., is the unit of luminous flux equal to the flux emitted 
in a unit solid angle (steradian) by a point source of unit candle- 
power. 


11011 Lux is a unit of illumination equal to one lumen per square 
meter.. Using the centimeter as the unit of length, the unit of ill¬ 
umination is one lumen per square centimeter, for which Blondel 
has proposed the name phot. One millilumen per square centimeter 
(milliphot) is more useful as a practical unit. One foot-candle is one 
lumen per square foot, and is equal to 1.0764 milliphots. The milli¬ 
phot is recommended for scientific records. 


11012 Brightness of an element of a luminous surface may be expressed 
in either of two ways: (a) in terms of intensity, J, (h) in terms of 
flux, E, 

(a) Brightness in terms of the luminous intensity I (or candle- 
power) per unit of projected area of the surface (candlepower bright¬ 
ness) corresponds to the 


(llOOS) . This unit, which is used also by many other countries, has frequently been re¬ 
ferred to as the international candle. 

(11010) A uniform source of one candlepower emits 4ir lumens. 





defining equation, bi =-^ 

d S cos u 

where 6 is the angle between the normal to the surface and the line 
of sight. 

(b) Brightness in terms of the flux, F, proceeding from a unit area 
of the surface, on the assumption that the surface is a perfect diffuser; 
i. e., that it obeys the cosine law of emission or reflection, (lumen 
brightness) corresponds to the 


defining equation, bp 


dF 

dS 


(perfect diffusion assumed). 

The units in which brightness is measured according to (a) and 
(b) differ only in numerical value. 

11013 Lambert, L, is the unit of brightness in the lumen system. 
The lambert is the brightness of a perfectly diffusing surface 
emitting or reflecting one lumen per square centimeter. For 
most purposes the millilambert, 0.001 lambert, is the preferable 
practical unit. 

To say that the brightness of a surface as viewed from a given 
point is n lamberts, signifies that its brightness is the same as that of 
a perfectly diffusing surface emitting or reflecting n lumens per 
square centimeter. 

In practice no surface obeys exactly the cosine law of emission or 
reflection; hence the brightness of a surface generally is not uniform 
but varies somewhat with the angle at which it is viewed. 

A perfectly diffusing surface emitting one lumen per square foot 
will have a brightness of 1.076 millilamberts. 

Brightness expressed in candles per square centimeter may be 
reduced to lamberts by multiplying by tt = 3.14. 

Brightness expressed in candles per square inch may be reduced to 
lamberts by multiplying by t/6 A5 = 0.487. 


Surfaces and Media Modifying Luminous Flux 
11020^ Diffusing surfaces and media are those which break up the in¬ 
cident flux and distribute it more or less in accordance with the 
cosine law, as for example, white plaster and opal glass. 

11021 Redirecting surfaces and media are those which change the direc¬ 
tion of the luminous flux in a definite manner; as for example, a 
mirror or a lens. 

11022 Scattering surfaces and media are those which redirect the 
luminous flux and break it up into a multiplicity of separate pencisl; 
as for example, ripple glass, reflecting or transmitting.- 

11023* Reflection factor, of a body p, is the ratio of the flux reflected by 
the body to the flux incident upon it. The reflection from a 

(11023) (n024) (11025) These terms are introduced to replace the more commonly used 
terns. Coefficient of reflection, Coefficient of absorption, Coefficient of transmission, which 
latter teri^ refer to the specific properties of materials rather than to the behavior of 
bodies under specified conditions, such as angle of incidence, etc. 
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body may be regular, diffuse or mixed. In regular reflection 
the dux is reflected at an angle of reflection eQual to the angle 
of incidence. In diffuse reflection the flux is reflected in all 
directions. In perfectly diffuse reflection, the distribution of the 
reflected flux is in accordance with Lambert's cosine law. In most 
practical cases, there is a superposition of regular and diffuse reflec¬ 
tion. 

11024’* Absorption factor, of a body a, is the ratio of the flux absorbed 
by the body to the flux incident upon it. 

11026* Transmission factor, of a body r, is the ratio of the flux trans¬ 
mitted by the body to the flux incident upon it. 

p -f- o 4" T ~ 1 

Illumination 

11030 Unidirectional illumination on a surface is that produced by a 
single light source of relatively small dimensions. It is character¬ 
ized by the fact that a small opaque object placed near the ill¬ 
uminated surface casts a sharp shadow. 

11031 Multidirectional illumination on a surface is that produced by 
several separated light sources of relatively small area. It is 
characterized by the fact that a small opaque object placed near 
the illuminated surface casts several shadows. 

11032 Diffused illumination is that produced either by primary or 
secondary light sources having dimensions relatively large with 
respect to the distance from the point illuminated, and scattering 
light in all directions. It is characterized by relative lack of 
shadow. Diffused illumination may be derived principally 
from a single direction as in the light from a skylit window or from all 
directions as in the open air. Perfectly diffused illumination on a 
surface is shadowless. 

In any practical case of illumination on a surface there is usually 
a mixture of the above types. 

11033 Coefficient of utilization of an illumination installation on a 
given plane is the total flux received by that plane divided by the 
total flux from the lamps illuminating it. When not otherwise spec¬ 
ified, the plane of reference is assumed to be a horizontal plane 30 in¬ 
ches (76 cm.) from the floor. 

11034 Variation factor of an illumination installation is the ratio of 
either the maximum or minimum illumination on a given plane to 
the average illumination on that plane. 

11036 Variation range of illumination on a given plane is the ratio of 
the maximum illumination to the minimum illumination on that 
plane. 

11036 Hemispherical ratio for a given lighting unit is the ratio of the 
luminous flux in the upper hemisphere to that in the lower hemi¬ 
sphere. 
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11037 Brightness ratio is the ratio of the brightness of any two surfaces. 
When the two surfaces are opposed, the brightness ratio is commonly 
called the “brightness contrast.” 

Illuminants 

11040 The output of all illuminants should be expressed in lumens. 

11041 Illuminants should be rated upon a lumen basis rather than a 
candlepower basis. 

11042 Lamp efficiency is the ratio of the luminous flux output to the 
power input. 

11043 The lamp efficiency or specific output of electric lamps should 
be stated in terms of lumens per watt and that of illuminants depend¬ 
ing upon combustion should be stated in lumens per British thermal 
unit per hour. 

11044 The power consumption of auxiliary devices which are necess¬ 
arily employed in circuit with a lamp should be included in the input 
of the lamp. For example, the watts lost in the ballast resistance 
of an arc lamp are properly chargeable to the lamp. 

11046 The specific consumption of an electric lamp is its watt con¬ 
sumption per lumen. “Watts per candle” is a term used commerc¬ 
ially in connection with electric incandescent lamps, and denotes 
watts per mean horizontal candle. 

11046 Life Tests.—Electric incandescent lamps of a given type 
may be assumed to operate under comparable conditions only 
when their lumens per watt consumed are the same. Life test 
results, in order to be compared, must be either conducted under, or 
reduced to, comparable conditions of operation. 

11047 In comparing different luminous sources not only should their 
candlepower be compared, but also, their relative form, brightness, 
distribution of illumination and character of light. 

Lamp Accessories 

11048 A reflector is an appliance the chief use of which is to redirect 
the luminous flux of a lamp in a desired direction or directions. 

11049 A shade is an appliance the chief use of which is to di¬ 
minish or ^ to interrupt the flux of a lamp in certain directions where 
such flux is not desirable. The function of a shade is commonly 
combined with that of a reflector. 

11060 A globe is an enclosing appliance of clear or diffusing 
material the chief use of which is either to protect the lamp or to 
diffuse its light. 

Photometry 

11060 Performance curve is a curve representing the behavior of a lamp 
in any particular (candlepower, consumption, etc.) at different 
periods during its life. 

11061 Characteristic curve is a curve expressing a relation between two 
variable properties of a luminous source, as candlepower and volts, 
candlepower and rate of fuel consumption, etc. 
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11062 Mean horizontal candlepower of a lamp is the average candle 

power in the horizontal plane passing through the luminous center 
of the lamp. 

_ It is here assumed that the lamp (or other light source) is mounted 
m the usual manner, or, as in the case of an incandescent lamp, with 
its axis of symmetry vertical. 

11063 Mean spherical candlepower of a lamp is the average candle- 
power of a lamp in all directions in space. It is equal to the total 
luminous flux of the lamp in lumens divided by 4 x. 

11064 Mean hemispherical candlepower of a lamp (upper or lower) 
IS the average candlepower of a lamp in the hemisphere considered. 
It is equal to the total luminous flux emitted by the lamp in that 
hemisphere divided by 2 tt. 

11066 Mean zonal candlepower of a lamp is the average candlepower 
of a lamp over the given zone. It is equal to the total luminous 
flux emitted by the lamp in that zone divided by the solid angle 
of the zone. 

11066 * Spherical reduction factor of a lamp is the ratio of the mean 

spherical to the mean horizontal candlepower of the lamp. 


TABLE 1100 

Photometric Units and Abbreviations. 





Abbrev- 

Photometric 


Symbols and 

iation 

Name of unit 

defining 

for name 

quantity 

equations 

of unit 

1. Luminous flux 

2. Luminous 

Lumen 

/ 

p. f 

1. 

intensity 

Y Candle ^ 

= r - ^ 'f' 

d CO ’ d CO 

3. Illumination 

f Phot, foot- 

d T? T 



\ candle, lux E 

~ Tl' “ 7" 

1 

Phot-second 

Et 


4. Exposure \ 

Micro phot- 


phs. Jd phs. 

1 

^ second 



Apparent candle 



5. Brightness 

per sq. cm. 
Apparent candle 
per sq. in. 

b-- 


dS CO&0 



Lambert 

d 7? 

L. mL. 



d S 

6. Reflection factor — 

P 


7, Absorption factor — 

a 

— 


(11063). In the case of a uniform point-source, this factor would be unity, and for a 
straight cylindrical filament obeying the cosine law it would be tt/4. 

Perfect diffusion assumed. 
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8. Transmission factor T 

9. Mean spherical candlepower scp. 

10. Mean lower hemispherical candlepower Icp. 

11. Mean upper hemispherical candlepower ucp. 

12. Mean zonal candlepower zcp. 

13. Mean horizontal candlepower mhc. 


14. 1 lumen is emitted by 0.07958 spherical candlepower. 

15. 1 spherical candlepower emits 12.57 lumens. 

16. 1 lux = 1 lumen incident per square meter ~ 0.0001 phot ==*0.1 

milliphot. 

17. 1 phot = 1 lumen incident per square centimeter = 10,000 

lux = 1,000 milliphots = 1,000,000 microphots. 

18. 1 milliphot == 0.001 phot= 0.929 foot-candle. 

19. 1 foot-candle == 1 lumen incident per square foot = 1.076 

milliphots = 10.76 lux. 

20. 1 lambert = 1 lumen emitted per square centimeter of a perfectly 

diffusing surface. 

21. 1 millilambert = 0.001 lambert. 

22. *1 lumen, emitted, per square foot = 1.076 millilamberts. 

23. *1 millilambert = 0.929 lumen, emitted, per square foot. 

24. 1 lambert = 0.3183 candle per square centimeter == 2.054 

candles per square inch. 

25. 1 candle per square centimeter = 3.1416 lamberts. 

26. 1 candle per square inch = 0.487 lambert = 487 millilamberts. 
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CHAPTER XII. 

STANDARDS FOR TELEPHONY AND TELEGRAPHY 

definitions are tentative and not yet fullv 
established Criticisms and suggestions, addressed to the SecLtary 
tinis Committee, will be welcomed. Some of the definU 

definit;^* specific to telephony, and differ in detail from similar 
definitions appearing in other parts of the rules. similar 

definitions 

Line Circuits 

12000 Ground-Return Circuit.-A ground-return circuit is a circuit 
consisting of one or more metallic conductors in parallel, witL the 
circuit completed through the earth. 

12001 Metallic Circuit.-A metallic circuit is a circuit of which the 

earth forms no part. vviuua tne 

12002 Two-Wire Circuit.—A two-wire circuit is a metallic circuit 
formed by two parallel conductors insulated from each other. 

12003 Superposed Circuit.-A superposed circuit is an additional cir¬ 
cuit obtained from a circuit normally required for another service 
and in such a manner that the two services can be given simultane: 
ously without mutual interference. 

12004 Phantom Circuit.-A phantom circuit is a superposed circuit 

each side of which consists of the two conductors of a two-wire 
circuit in parallel. ® 

is a two-wire circuit forming one 
Side of a phantom circuit. * 

12006 Non-Phantomed Circuit.-A non-phantomed circuit is a two- 

wire circuit, which is not arranged for use as the side of a phan- 
tom circuit. ^ 

12007 Simplexed Circuit.-A simplexed circuit is a two-wire telephone 
circuit, arranged for the superposition of a single ground-return sig- 
nailing circuit operating over the wires in parallel. 

12008 Composited Circuit.—A composited circuit is a two-wire tele- 
phone circuit arranged for the superposition on each of its component 
metallic conductors, of a single independent ground-return signalling 

ClJTCUl 

12008 Quadded or Phantomed Cable.-A quadded or phantomed cable 

IS a cable adapted for the use of phantom circuits. 

12010 Simplex Circuit.—A simplex circuit in telegraphy is one arranged 

tor operation in one direction at one time. 

12011 Duplex Circuit.—A duplex circuit in telegraphy is one arranged 

tor simultaneous operation in opposite directions. 
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12012 Diplex Circuit.—A diplex circuit in telegraphy is one arranged 
for the simultaneous transmission of two messages in the same 
direction. 

12013 Quadruplex Circuit.—A quadruplex circuit in telegraphy is one 
arranged for the simultaneous transmission of two messages in each 
direction. 

12014 Multiplex Circuit.—A multiplex circuit in telegraphy is one 
arranged for the simultaneous transmission of one or more messages 
in both directions. Both duplex and quadruplex are examples of 
multiplex whereas diplex is not. 

12015 Linear Electrical Constants.—The linear electrical constants of 
a line are the electrical constants per unit length of the line, e. g. 
linear resistance, linear inductance, etc. 

12016 Smooth Line.—A smooth line is a line whose electric elements 
are all continuously and uniformly distributed throughout its length. 

12017* Periodic Line.—A periodic line is a line consisting of successive 
similar sections in each of which one or more electric elements are 
not distributed uniformly. As examples of periodic lines are (1) 
loaded lines and (2) artificial lines consisting of successive similar 
sections of lumped constants. 

12018 Equivalent Smooth Line.—An equivalent smooth line of a 
periodic line is a smooth line having the same electrical behavior as 
the periodic line, at a given single frequency, when measured at 
terminals or at corresponding section junctions. 

12019 Equivalent Periodic Line.—An equivalent periodic line of a 
smooth line is a periodic line having the same electrical behavior, for 
an assumed single frequency, as the smooth line, when measured at 
terminals or at corresponding section junctions. The terms conju¬ 
gate smooth line and conjugate periodic line are also sometimes used. 

12020 Composite Line.—A composite line is a line consisting of a 
pi^i'§lity of successive sections having different linear electrical con¬ 
stants, as in the case where an underground cable section is joined to 
an overhead open-wire section. 

12021 Loaded Line.—A loaded line is one in which the normal re¬ 
actance of the circuit has been altered for the purpose of increasing 
its transmission efficiency. 

12022 Series Loaded Line.—A series loaded line is one in which the 
normal reactance has been altered by reactance serially applied. 

12023 Shunt Loaded Line.—A shunt loaded line is one in which the 
normal reactance of the circuit has been altered by reactance applied 
in shunt across the circuit. 

(12017) The term periodic in this definition refers to the line constants and not to time 

relations. 
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Circuit Constants and Characteristics 

gressive diminution in the effective valu^ i ^ 

12061* Damping Constant.-The damping constant of a circuit is a 

quency altering f"' 

second pair of terminals of a network, under any given coSition is 
the negative ratio of the electromotive force produced betwee^elther 

oTer°“- 

self-impedance between a pair of ter- 
minals of a network, under any given condition, is the Ltio of the 

SrreT entering 

12064* Characteristic Impedance.-The characteristic impedance of a 
line IS the ratio of the applied electromotive force to the resultinv 
steady-state current upon a line of infinite length and uniform stmc 
ture, or of periodic recurrent structure. 


(12025) This lumped inductance mav bf* ftTinliA/i 7” ” 

the ratio of the conductance G. of the condenser or d^!rer''VTf,,°^ f“ 
the capacitance. C, of the conienserVt\tTme 

danipLa%on\*ntTr arrmoic ct^enl^ 

..Of .ecoii or circuit at tha““^^ 

..S™ 

.;=Lj::«-k“s sij—~ 

end iniped;ncl (rWuraf (6) final sending. 

;ithThTrhl%\T^^^^^^^ 

nu^ihr^S^^^^^^^ - - ~d hv complea 
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12066* Sending-End Impedance.—The sending-end impedance of a line 
is the ratio of the applied electromotive force to the resulting steady- 
state current at the point where the electromotive force is applied. 

12066* Propagation Constant.—The propagation constant of a uniform 
line, or section of a line of periodic recurrent structure, is the natural 
logarithm of the ratio of the steady-state currents at various points 
separated by unit length in a uniform line of infinite length, or at 
successive corresponding points in a line of recurrent structure of 
infinite length. The ratio is determined by dividing the value of the 
current at the point nearer the transmitting end by the value of the 
current at the point more remote. 

12057 Attenuation Constant.—The attenuation constant for a single 
frequency is the real part of the propagation constant taken at that 
frequency. 

12068 Wave-Length Constant.—The wave-length constant is the 
imaginary part of the propagation constant. 

12069 Standard Cable.—A standard cable is an ideal uniform line in 
terms of which the attenuation of a line or network may be specified. 
It is characterized by the following constants: Linear resistance, 88 
ohms per loop mile (54.7 ohms per loop km.). Linear capacitance 
between wires 0.054 microfarad per loop mile (0.03355 microfarad 
per loop km.). Linear inductance and linear leakance, 0. 

Equivalent Circuits 

12102* Equivalent Circuit.—An equivalent circuit is a simple network of 
series and shunt impedances, which, at a given frequency, is the 
approximate electrical equivalent of a complex network. 

12103* " r” Equivalent Circuit.—A 'T” equivalent circuit is a triple-star 

or “F” connection of three impedances externally equivalent to a 
complex network. See Fig. 12-1 for symbol. 

/WW\A-^ 


Fig. 12-1 

12104* Equivalent Circuit,—An equivalent circuit is a connec¬ 

tion of five impedances in the form shown in Fig. 12-2, which is ex¬ 
ternally equivalent to a complex network. It differs from the “F’ 
equivalent circuit in that the impedances are arranged symmetrically 

(12055) See note under “Characteristic Impedance/' In case the line is of infinite 
length of uniform structure or of periodic recurrent structure, the sending-end impedance 
and the characteristic impedance are the same. 

Single frequency voltages and currents are here supposed to be represented by complex 
numbers. Their ratio is therefore a complex number. 

(12056) Single frequency voltages and currents are here supposed to be represented 
by complex numbers. Their ratio is therefore a complex number. 

(12102 to 12106 Inch) As ordinarily considered, the simple networks as defined, are the 
electrical equivalents of complex networks only with respect to definite pairs of terminals. 
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anced with respect to ground. ^ ® 


Pig. 12-2 

12105’^ Efluivalent Circuit_ a ‘‘TT’» 

connection of three impednnc'es eJtetn.l'y 

rytho.“ ‘ --^-.sr'^rprs 


Pig. 12-3 

rn"rtr.AriS^^^^ 

two sides of the circuit, which i<? nftf^n Hac.; ki • 7 on the 

reZttZ'inT’ the'cyu^isTirnSd 


Pig. 12-4 
Telephony 

w^Tf! System.-A manual telephone system is one 

n which the calling party gives his order to an operator who com 
pletes the call directly by hand, either with or Xot the assi" 
ance of one or more additional operators. 

12201 Automatic or Full Mechanical Telephone System.-An automatic 
is''enabl^r?''“‘''‘^ telephone system is one in which the calling party 
.ldo;“p“.“o7 “ »i«oh«wi.ho«tth. 
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12202 Semi-Automatic or Semi-Mechanical Telephone System. A 
semi-automatic or semi-mechanical telephone system is one in which 
the calling party gives his order to an operator who completes the 
call through remote-control switches. 

12203 Telephone Exchange.— A telephone exchange consists of one or 
more central offices with associated plant, by means of which tele¬ 
phone service is rendered in a specified local community. 

12204 Telephone Exchange Area or District.—A telephone exchange 
area or district is the area or district served by a telephone exchange. 

12205 Central Office.—A central office is a switching center for inter¬ 
connecting lines terminating therein. 

12206 Toll Central Office.—A toll central office is one in which toll and 
long distance lines terminate. 

12207 Local Central Office.—A local central office is one in which sub¬ 
scriber’s lines terminate. 

12208 Private Branch Exchange (Generally Abbreviated “P. B. X.”).— 
A private branch exchange is a telephone system generally installed 
on the premises of a subscriber, including a switchboard and ex¬ 
tension sets, and connected to a central office, affording intercom¬ 
munication between the extension sets and also between these sets and 
the central office. 

12209 Private Exchange.—A private exchange is one which serves one 
business organization or individual, and is not connected to a central 
office. 

12210 Private Automatic Exchange.—A private automatic exchange is 
an automatic exchange which serves one business organization or 
individual, and is not connected to a central office. 

12211 Subscriber Set (Often Abbreviated to “Subset").—A subscriber 
set is an assembly of apparatus for sending and receiving telephone 
calls. 

12212 Subscriber Station (Often Abbreviated to "Substation").— A 
subscriber station is an installed subscriber set connected to a cen¬ 
tral office for the purpose of sending and receiving telephone calls. 

12213 Pay Station.—A pay station is a subscriber station available for 
the^use of the public on the payment of a fee. The fee may be either 
deposited in a coin box or paid to an attendant. 

12214 Toll Station.—A toll station is a pay station located outside of a 
local service area and affording toll and long distance service only. 

12216 Subscriber line or Subscriber Loop.—A subscriber line or sub¬ 
scriber loop is the wire connection between a subscriber station and the 
central office. 

12216 Subscriber Line Circuit.—A subscriber line circuit is a subscriber 
line with its associated individual central office apparatus. 

12217 Individual Line.—An individual line is a subscriber line which 
connects one subscriber station to a central office, though it may have 
one or more extension sets. 
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12218 Party Line.-A party line is a subscriber line which * 

or more subscriber stations to a central office. ^ ^°“nects two 

12219 Tip Side or Tip Wire, Ring side or Ring Wire_ TIia f 

wire, or the ring side or wire, is that conductor of a circuit 
associated with the corresponding member of a jack ^ 

12220 Negative Side or Negative Wire, Positive side oi Positive Wire 
The negative side or wire, or the positive side or wJr^ 

ductor of a circuit which is normally connected to the r 

pole of a battery. ^ connected to the corresponding 

1 ^ 2 ”"^’ °“r the™ * 

12222 Intermediate Distributing Framp*_Ar,;«+ j- 

trar'ffi^ ^ structure for terminating permanent inside wires of'Tcen^ 
1229 . tr ^ 

12223 Switchboard.— A switchboard is an assemhla^o ^ 

1222r°?^“hV‘”dT','" ““ "2n*u4"S“S." “ 

12224 Switchboard Section.— A switchboard section is an element 

12225° 0°r T ■»it=“SLl 

p rating Room. An operating room is a room which contains 
a manual switchboard and associated apparatus contains 

12226 Combination Current.-A combination current consist s ot two or 
more currents of different characterisitics in the same circuit As 
ordinarily used the term refers to current<? -u u. ’• . ^ 

are steadily maintained, as for example a combination 

rent and an alternating current ®°«ibmation of direct cur- 

to .01 pSiSnybyAe“.ppi“,™fS^ ■PfmllWot and h caused 
12229 Supenmposed Kinging Cn„-,.,._A .np»i„po.od ringing on™, 

...™“nTc™nr"‘ »' • -hH 

ceiving current intended to operate another device 

12234 To CaU”. “To call” is to originate a telephone call. 
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12236 “To Dial”.—“To dial” a number is to use a dial type of calling 
device in order to control automatic switches. 

12236 “To Set Up”. —“To set up” a number is to use a key type or 
multiple lever type of calling device in order to control automatic 
switches. 

12237 Calling Device.—A calling device is an apparatus by means of 
which automatic switches are controlled for the purpose of estab¬ 
lishing a connection. 

12238 Calling Party.—A calling party is a person who originates a tele¬ 
phone call. 

12239 Called Party.—A called party is the person who answers when a 
station is called. 

12240 Reverting Call.—A reverting call is one between two stations on 
the same subscriber line. 

12241 Telephone Traffic.—Telephone traffic is the aggregate volume of 
communication handled in a given time. 

12242 “Busy”.—“Busy” is the condition of a line or an apparatus when 
it is in use. 

12243 Free.—Free is the condition of a line or an apparatus when it is 
not in use. Free is the opposite of busy. 

12244 “To Make Busy”.—“To make busy” is to cause a line or an 
apparatus to appear to be busy. 

12246 “To Release” or to “Disconnect.—“To release” or “to disconnect” 
is to terminate a telephone connection by disengaging the apparatus. 

12246 “To Clear”.— To clear” is to restore a line or an apparatus to 
the free condition. 

12247 Trunk.—A trunk is the wire connection between switching de¬ 
vices or central offices. 

12248 Trunk Circuit.—A trunk circuit is a trunk with its associated 
individual apparatus. 

12249 Trunked Call.—A trunked call is one which employs an inter¬ 
office trunk or a trunk between two switchboard positions. 

12260 Relay.—A relay is a device by pieans of which contacts in one 
circuit are operated by a change in conditions in the same circuit 
or in one or more associated circuits. (See Rule 4016 Standard¬ 
ization Rules, A. I. E. E., 1918). 

12261 Polar Relay.—A polar relay is a relay which operates in response 
to a change in the direction of the current in the controlling circuit. 

12262 Quick Operating Relay.—A quick operating relay is one which 
operates its contacts within a specified brief time limit. 

12263 Quick Release Relay.—A quick release relay is one which releases 
its contacts within a specified brief time limit. 

12264 Quick Acting Relay.—A quick acting relay is one which has the 
properties of both a quick operating and a quick release relay. 
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- wHie. Will 

""^pefr. - wm. w.. 

properties on^o^th^alwoperattegTndfslo^ 

in the line 

12269 Cut-Off Relay.-A cut-off relay is one which when operated dis 
connects from a line apparatus normally connected to it. 

12260 Relay Coil Section.—A relay coil section is one of tw^ 
windmgs of a coil on one and the same core The <=«. i 

may be concentric or placed side by side on the core. sections 

12261 Tension Spring.—A tension spring is one wb,Vh f„„ *• 

meH ”• “ “ 

«e5;rL?xc.rc“r »“• “»» 

^ ^*Lved“h*“ armature spring is the first of a group to be 

rs;;;*"'"’*" »< ••» 

12266 Impulse Springs.-Impulse springs are those which act to make 
or break a circuit for the purpose of sending impulses 

Contact Springs (Abbreviation "M.B B ’>) - 
make-before-break contact springs are those in which the main 
spring touches the front contact before it breaks awav frL T 

1296^1 ZT'- ^ -tac?” 

12271 Automatic Switch.-An automatic switch is a remote control 

device for controlling talking or signaling circuits. 

^’^^^La^teruSbfr trcfrcuSaS connected to one of a 

outofalargernumbr;?rcrsf;^^^^^^^^^ 

'^larp-pr^i switch is a switch connected to one of a 

automatiJ^ll^^ of circuits from which a signal comes and which finds 
automatically a circuit out of a smaller number of circuits. 
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12274 Selector Switch.—A selector switch is a switch whose duty is to 
select a particular group of trunks and one trunk of the group selected. 
In particular cases, one of these functions may be omitted. 

12275 Connector Switch or Final Selector.—A connector switch or 
final selector is a switch whose duty is to establish a connection with 
the called line. It is usually operated by the last digit or digits of 
the call number. 

12276 Switch Frame.—A switch frame is a structure for mounting an 
assembly of switching apparatus which may be integral therewith. 

12277 Section of Switches.—A section of switches, considered from a 
trunking standpoint, is a group of adjacent switches whose banks are 
multipled together. 

12278 Switchroom. A switchroom is a room which contains an as¬ 
semblage of automatic switches and associated apparatus. 

12279 Bank Wires.—Bank wires are those wires which multiple ad¬ 
jacent switch banks to each other. 

12280 Bank Cable.—A bank cable is one which connects a switch 
bank to a terminal rack. 

12281 Multiple Cable.—A multiple cable is one which multiples to¬ 
gether two or more sections of switch banks by connecting together 
their terminals. 

12282 Impulse.—An impulse is any sudden change of brief duration 
produced in the current of a circuit. 

12283 Make Impulse.—A make impulse is an impulse due to a tempo¬ 
rary flow of current. 

12284 Break Impulse.—A break impulse is an impulse due to a tem¬ 
porary interruption of current. 

12285 Impulse Frequency.—The impulse frequency is the number of 
impulses occurring per second. The reciprocal of this is the impulse 
period. 

12286 Impulse Period.—The impulse period is the period of time in¬ 
cluded between the corresponding points in periodically recording 
impulses. It thus corresponds to the period of alternating current. 

12287 Impulse Ratio.—Impulse ratio is the ratio of duration of an im¬ 
pulse to the impulse period. 

12288 Impulse Circuit.—An impulse circuit is one through which im¬ 
pulses are transmitted. 

12289 Telephone Impulse Repeater.—A telephone impulse repeater is a 
device for repeating impulses from one line circuit into another 
and for performing other duties. 

12290 Supervisory Signal.—A supervisory signal is a device for attract¬ 
ing attention of an attendant to a duty in connection with switch¬ 
ing apparatus or its accessories. This includes cord supervisory 
lamps on a manual switchboard and the supervisory lamps in an 
automatic exchange which indicates that a switch has been occu¬ 
pied but has not completed its function. 
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Signal.-A tell-tale signal is a device for locating the 
failure of some apparatus; for example, the blowing of a fuse he 
continued drawing of heavy current by apparatus Intended to re! 
ceive only momentary current, etc. 

12292 Alwm Signal-An alarm signal is a sound producing device for 
attracting attention to either a supervisory or a tell-tale signal 

12293 Amplifier.—See §13040. 

12294 Telephone Repeater.-A telephone repeater is a device for am- 

. 000 ? r® ^ ^'^“ther line circuit. 

Receiver -A telephone receiver is an electrically 
operated device designed to produce sound waves or vibrations which 

®^®^*r°“ag»etic waves or vibrations actuating it. 

12301 Microphone.—A contact device designed to have its electrical 

resistance directly and materially altered by slight differences in 
mechamcal pressure. uxucrences in 

12302 Telephone Transmitter.-A telephone transmitter is a sound¬ 
wave-operated or vibration-operated device designed to produce 
electromagnetic_ waves or vibrations which correspond to the sound 
waves or vibrations actuating it. 

12303* Coefficient of Coupling of a Transformer.—The coefficient of 
touplmg of a, transformer at a given frequency is the ratio of the 
mutual impedance between the primary and secondary of the trans- 
ormer, to the square root of the product of the self-impedances of 
the primary and of the secondary. 

12304 Repeating Coil.-A term used in telephone practice meaning the 
same as transformer, and ordinarily a transformer of unity ratio 

retardation coil is a reactor (reactance 
coil) used in a cir^it for the purpose of selectively reacting on currents 
which vary at different rates. 

Telegraphy 

12600 Relay.—A relay is a device by means of which contacts in one 
circuit are operated by a change in conditions in the same circuit or 
in one or more associated circuits. 

12601 Polar Relay —A polar relay is a relay which operates in response 
to a change m the direction of the current in the controlling circuit. 

12602 Non-Polar Relay, or Neutral Relay.—A non-polar relay is a 
relay which operates in response to a change in the strength of the 
current in the controlling circuit, irrespective of the direction of the 
current. 

12503 Neutral Relay.—See non-polar relay. 

12504 Selector. A selector is a device which performs certain func- 
tions^such as causing an electric lamp to light, or an electric bell to 
sound, in response to a definite signal or group of successive signals 
received over a controlling circuit. 

(12303) Single frequency voltages and currents are here supposed to be represented^ 

complex numbers. Their ratio is therefore a complex number. «P«sented by 

‘>>8 terms-'impedancecoil." ■'inductanceooil.'i 

choke cod and reactance cod are sometimes used in place of the term "retardation coil.'; 
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12505 Direct-Point Repeater.—A direct-point repeater is a repeater 
in which the receiving relay controlled by the signals received over 
a line repeats these signals into another line or lines without the inter¬ 
position of any other repeating or transmitting apparatus. 

12506 Concentrator.—A concentrator is a traffic distributing device by 
means of which a number of telegraph or telephone lines, and connec¬ 
tions to operating instruments are brought together at one point to 
facilitate their interconnection at such times as signals or messages 
are to be transmitted from one to the other. 

12507 Transmitter.—A transmitter is a device for effecting electrical 
changes in a controlled circuit. The term transmitter is commonly 
applied principally to devices which in response to a controlling 
means effects in a main line telegraph circuit electrical changes nec¬ 
essary to send signals over the line. 

12508 Synchronous System,—A synchronous system of telegraphy is 
one in which the proper transmission and reception of signals is 
dependent upon the synchronous operation of similar commutators 
or other devices located at the sending and receiving stations of a 
circuit. 

12509 Differential Duplex.—A differential duplex is a duplex system in 
which at each station one of two portions of the receiving instrument 
is connected in series with the line wire and the other in series 
with an artificial line “of such electrical characteristics that the effects 
upon the receiver of currents passing through the main and artificial 
lines, as a result of outgoing signals, are neutralized. 

12510 Bridge Duplex.—A bridge duplex is a duplex system in which 
the receiving instruments at each station is connected across two 
impedances, one in series with the line wire and the other in series 
with the artificial line in such manner that no electrical change in 
the receiver circuit is effected by outgoing signals. 

12611 Half-Set Repeater.—A half-set repeater is a repeater used for 
connecting together a simplex circuit and a duplexed circuit convert¬ 
ing them into the equivalent of a single simplex circuit. 

12612 Intermediate Current Supply.— An intermediate current supply 
is an ungrounded source of current connected in series with a line 
wire at a station other than a terminal on a ground return telegraph 
circuit. 

12613 Phantoplex Circuit.—A phantoplex circuit is a superposed circuit 
operated by alternating current over a simplex, duplex or quadru- 
plex circuit operated from direct current sources. 

12514 Spark Condenser.—A spark condenser is a condenser, with or 
without associated non-inductive resistance, connected with a 
pair of instrument contact points fqr the purpose of diminishing 
sparking at these points. 

12515 Current Margin.—In a non-polar simplex system, the difference 
between the current flowing through a receiving instrument when 
operated to that flowing when not operated. 
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12516 Margin Ratio. In a non-polar simplex system, the ratio of the 
current flowing through a receiving instrument when operated to 
that flowing when not operated. 

12517 Percentage ilMargin. In a non-polar simplex, the current margin 
expressed as a percentage of the current flowing through the relay 
when operated. 

12618 IVfain Circuit. rA main circuit is a major electrical circuit of a 
telegraph system and includes both transmitting and receiving devices. 

12519 Local Circuit.—A local circuit is a circuit, within the limits of 
the station, usually controlled by a receiving instrument in a main 
circuit or controlling a transmitter effecting changes in a main line 
circuit 



1696 


STANDARDS OF THE A. I. E. E. 


CHAPTER XHI. 

STANDARDS FOR RADIO COMMUNICATION 

f 

General 

This chapter has been mainly abstracted from the report of the 
Standardization Committee of the Institute of Radio Engineers, 
and is here included by permission, until further revised. For full 
particulars, see the I. R. E. Standardization Committee report. 

13000 Acoustic Resonance Device.—One which utilizes, in its operation, 
resonance to the audio frequency of the received signals. 

13001 Antenna. A system of conductors designed for radiating or 
absorbing the energy of electromagnetic waves. 

13002 Atmospheric Absorption.—That portion of the total loss of radi--' 
ated energy due to atmospheric conductivity. 

13003 A.udio^ Frequencies.—Frequencies corresponding to the normally 
audible vibrations. These are assumed to lie below 10,000 cycles 
per second. 

13004 _ Capacitive Coupler.—An apparatus which, by electric fields 
joins portions of two radio-frequency circuits, and which is used to 
transfer electrical energy between these circuits through the action 
of electric forces. 

13006 Coefficient of Coupling (Inductive).—The ratio of the effective 
nautual inductance of two circuits to the square root of the product 
of the effective self-inductances of each of these circuits. 

13006 Direct Coupler.-A coupler which magnetically joins two circuits 
Having a common conductive portion. 

13007 Counterpoise.-A system of electrical conductors forming one 
portion of a radiating oscillator, the other portion of which is the 
antenna. In land stations a counterpoise forms a capacitive 
connection to ground. 

13008 Damped Alternating Current.-A damped alternating current is 
an alternating current whose amplitude progressively diminishes. 

13009 Damping Factor.-The damping factor of an exponentially 
damped alternating current is the product of the logarithmic decre- 
ment and the frequency. 

Let Jo = initial amplitude 

It = amplitude at the time t 
€ = base of Napierian logarithms 
a = damping factor 
Then: It = Jq 


etector. That portion of the receiving apparatus which, con¬ 
nected to a_ circuit carrying currents of radio frequency, and 
m conjunction with a self-contained or separate indicator. 
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translates the radio-frequency energy into a form suitable for opera¬ 
tion of the indicator. This translation may be effected either by 
the conversion of the radio frequency energy, or by means of the 
control of local energy by the energy received. 

13016 Electromagnetic Wave.—A periodic electromagnetic disturbance 
progressing through space. 

13016 Forced Alternating Current.—A current, the frequency and 
damping of which are equal to the frequency and damping of the 
exciting electromotive force. 

13017 Free Alternating Current.—The current following any electro¬ 

magnetic disturbance in a circuit having capacitance, inductance 
and less than the critical resistance. ’ 

13018 Critical Resistance of a Circuit.—That resistance which deter¬ 
mines the limiting condition at which the oscillatory discharge of 
a circuit passes into an aperiodic discharge. 

13019 Group Frequency.—The number per second of periodic changes 
in amplitude or frequency of an alternating current. 

Note 1. Where there is more than one periodically recurrent 
change of amplitude or frequency, there is more than one group 
frequency present. 

Note 2. The term "group frequency” replaces the term "spark 
frequency.*' 

13020 Inductive Coupler.—An apparatus. which, by magnetic forces, 
joins portions of two radio-frequency circuits and is used to transfer 
electrical energy between these circuits, through the action of 
these magnetic forces. 

13026 Logarithmic Decrement.—The logarithmic decrement of an 
exponentially damped alternating current is the logarithm of the 
ratio of successive current amplitudes in the same direction. 

Note: Logarithmic decrements are standard for a complete 
period or cycle. 

Let: In and In^i bte successive current amplitudes in the same 
direction. 

d == logarithmic decrement 
Then: d = logg —” 

I n+l 

13026 Radio Frequencies.—Thefrequencieshigher than those correspond¬ 
ing to the normally audible vibrations, which are generally taken 
as 10,000 cycles per second. See also Audio Frequencies. 

Note: It is not implied that radiation cannot be secured at 
•lower frequencies and the distinction from audio frequencies is 
merely one of definition based on convenience, 

13027 Resonance.—Resonance of a circuit to a given exciting 
alternating e.^ m. f. is that condition due to variation of the induct¬ 
ance or capacity in which the resulting effective current (or voltage) 
in that circuit is a maximum. 
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13028 Standard Resonance Curve.—A standard resonance curve is a 
curve the ordinates of which are the ratios of the square of the 
current at any frequency to the square of the resonant current, and 
the abscissas are the ratios of the corresponding wave length to the 
resonant wave length; the abscissas and ordinates having the same 
scale. 


13029 Sustained Radiation.—Sustained radiation consists of waves 
radiated from a conductor in which an alternating current flows. 

13030 Tuning. The process of securing the maximum indication by 
adjusting the time period of a driven element.' (See Resonance.) 

13033 Wave-Meter.—A wave-meter is a radio-frequency measuring 
instrument, calibrated to read wave lengths. 

13036 Decremeter.—An instrument for measuring the logarithmic dec¬ 
rement of a circuit or of a train of electromagnetic waves. 

13037 Attenuation, Radio.—The decrease with distance from the 
radiating source, of the amplitude of the electric and magnetic 
forces accompanying (and constituting) an electromagnetic wave. 

13038 Attenuation, Coefficient of (Radio).—The coefficient which, 
when multiplied by the distance of transmission through a uniform 
medium, gives the natural logarithm of the ratio of the amplitude 
of the electric or magnetic forces at that distance, to the initial 
value of the corresponding quantities. 

13039 Coupler.—An apparatus which is used to transfer radio-freq¬ 
uency energy from one circuit to another by associating portions 
of these circuits. 

13040 Amplifier.—An amplifier is an instrument which modifies the effect 
of a local source of energy in substantial accordance with the wave¬ 
form of the received energy, and gives out a wave of greater amplitude 
than that which it receives. 


13041 Interference.—See §12046. 

13042 Phase Angle Defect. The phase angle defect of a condenser is the 
departure from quadrature of the phase difference between potential 
and current at terminals. This is sometimes called the phase angle 
of a condenser: although strictly speaking the phase angle of a con- 

enser IS 90° less the phase angle defect, and is therefore exactly 90° 
when the phase angle defect is zero. 

13043 Impulse E. m. f.—An e. m. f. the effective value of which be¬ 
comes smaU compared with its maximum value in a time which is 
short compared with the duration of the current which it causes. 


13044 Directive Coefficient.-The directive coefficient of a transmitting 
antenna at a pven distance therefrom on the surface of the earth 
w sea, for a given wave length, is the ratio of average field intensity 
in an angle of stated degrees centered about the direction of 
maximum radiation, to the average field intensity in all directions. 

S«lectivity.-The directional selectivity of a receiving 
antenna at a given wave length is the ratio of the average e. m f 
mduced m that antenna for waves of equal intensity coming from 
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directions comprised within an angle of stated degrees centered 
about the direction of best reception, to the average e. m. f. induced 
in the antenna for waves of equal intensity coming from all directions. 

13048 Radiation Efficiency. —The radiation efficiency of an antenna at a 
given wave length is the ratio of radiation resistance to the antenna 
resistance. 

13047 Selectivity.—The (overall) selectivity of a receiving system is 
the product of the several selectivities of that system. 

13048 Average Selectivity.— The average selectivity of a receiving 
system is the nth root of the product of the n selectivities of that 
system. 

13040* Radio-Frequency Selectivity.— The radio-frequency selectivity of 
a simple element* of a receiving system is the ratio of resonant re¬ 
sponse (in terms of effective voltage or current measured at the 
indicator) to the non-resonant response when the radio-frequency 
portions of the elements of that system are detuned by one per cent 
of the resonant frequency. 

(13049) A simple element as referred to a combination of an inductance, a capacitance 

and optionally a resistance; or their mechanical equivalent. 
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CHAPTER XIV. 

STANDARDS FOR PRIME MOVERS AND GENERATOR 

UNITS 


General 

14000 Regulation of Steam Engines, Steam Turbines and Internal 
Combustion Engines.—In steam engines, steam turbines and in¬ 
ternal combustion engines, the percentage speed regulation is usually 
expressed as the percentage ratio of the maximum variation of 
speed to the rated-Ioad speed in passing slowly from rated-load 
to no-load (with constant conditions at the supply.) 

14001 Fluctuation of Steam Engines, Steam Turbines and Internal 
Combustion Enpnes.-—The percentage fluctuation of a steam en¬ 
gine, steam turbine or internal combustion engine, is the immediate 
percentage speed regulation corresponding to a sudden change from 
rated-load to no-load. 


14002 Regulation of HydrauUc Turbines.—In a hydraulic turbine, 
or other water motor, the percentage speed regulation is expressed 
as the percentage ratio of the maximum variation is speed in passing 
slowly from rated-load to no-load (at constant head of water), to 
the rated-load speed. 

14003 Regulation of Generator IJnits.-In a generator unit, consisting 
of a generator combined with a prime mover, the speed or voltage 
regulation shall be based upon constant conditions of the prime 
mover; j. e., constant steam-pressure, head, etc. It includes the 
inherent speed variations of the prime mover. For this reason, 
the regulation of a generator unit is to be distinguished from the 
regulation of either the prime mover, or of the generator combined 
With it, when taken separately. 

14010* Variation in Prime Movers.-The variation in prime movers 
which do not give an absolutely uniform rate of rotation or speed 
as in reciprocating steam engines, is the maximum angular dis- 
p acement in position of the revolving member expressed in degrees, 
from the position It would occupy with uniform rotation, and with 
one revolution taken as 360 degrees. See §4088. 

Alternator Connected 

_ Aejeto. The pulsation in a prime mover, or in the alterna tor 

^nation of an alternator is # times 
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connected thereto, is the ratio 
mum and minimum velocities 
velocity. 


of the difference between the maxi¬ 
in an engine-cycle to the average 
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CHAPTER XV. 

STANDARDS FOR TRANSMISSION LINES 
AND DISTRIBUTION LINES 

Note: —For flash-over tests of insulators, see fpot-note to §2861. 

General 

15000 Regulation of Transmission Lines, Feeders, etc.—The regulation 
of transmission lines, feeders, etc., is the change in the voltage 
at the receiving end between rated non-inductive load and no- 
load, with constant impressed voltage upon the sending end. The 
percentage regulation is the percentage change in voltage to the 
normal rated voltage at the receiving end. 
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CHAPTER XVI. 

MISCELLANEOUS STANDARDS 

HEATING DEVICES 

16000 Value of A-C. Test Voltage for Household Devices.— Heatine 
devices taking not over 660 watts, intended solely for operation 
on supply circuits not exceeding 275 volts, shall be tested with 500 
volts at operating temperature. 
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I. E. C. RULES FOR ELECTRICAL MACHINERY 


VOLUME 1. 

{Adopted at the Plenary Meeting, held in London, October, 1919 ) 

These rules apply to rotating machines of which the terminal pres- 
sure does not exceed 5000 volts or of which the rated output doernot 
exceed 750 KVA. or of which the stator cores do not exceed 50 cm in 
length axially, and to all transformers which are not water-cooled. 

PART 1. GENERAL. 

I. Scope of Rules. 

1. Rotating Machines.-The rules of the I. E, C. contained in this 

publication apply to rotating machines, of which the terminal pressure 
So\vr"'®1 5000 volts or of which the rated output does not exceed 
axiaUy^"^’ the stator cores do not exceed 50 cm. in length 

2. rranr/crmerr.— These rules also apply to all transformers which are 
not water cooled (For water-cooled transformers, rue Appendix II.) 

3. AlMude.~ln the absence of any information in regard to the height 
above sea level at which the machine is intended to work in ordinLy 
service, this height is assumed not to exceed 1000 meters. If the machine 
is intended to work at an altitude above 1000 metres a correction to the 
temperature nse should be applied. The value for this correction has 
not yet been fixed by the I. E. C. 

4. Temperature.—In. the absence of any information to the contrary 
It IS assumed that the temperature of the cooling air shall not exceed 40°c’. 

II. Definitions. 

5. Rating.—{See Appendix IV.) 

6. me of the term “Machine.”-T:ht term “machine” is used in these 
rules m Its most general sense so as to avoid the constant repetition of 
the words machines, transformers and other electromagnetic induction 
apparatus. 

7. Use of the term “Power."—It is usual to speak of a machine by its 
P^r It IS necessary to note that the term “power” should be used in 
tne following way:— 
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(a) For direct current generators, the electric power at the terminals 
expressed in watts (W) or kilowatts (kW). 

(b) For alternators, the apparent power at the terminals, expressed 
in volt-amperes (VA) or kilovolt-amperes (kVA). 

(c) For motors, the mechanical power available at the shaft, expressed 
in watts (W) or kilowatts (kW). 

(d) For transformers, apparent output at the secondary terminals, 
expressed in volt-amperes (VA) or kilovolt-amperes (kVA). 

in. I. E. C. Rating. 

8. Test Rating. —The I. E. C. rating has been established as a test^ 
rating which will enable an exact comparison to be made between machines 
of different makes. 

9. Classes of Rating. —There are two classes of 1. E. C. rating:— 

(a) The I. E. C. continuous rating (see Clause 10). 

(b) The I. E. C. short time rating or limited time rating (see Clause 12). 

10. Continuous Rating.—-'Tho. I. E. C. continuous rating is the load 
which can be carried on test, under the conditions of that rating, for an 
unlimited period without the limits of the I. E. C. rules, as regards 
temperature rise, being exceeded. 

11. Service thermally equivalent to the Continuous Rating. —Any 
machine intended for continuous service on fluctuating load may be 
given for test purposes a thermally equivalent I. E. C. continuous rating, 
provided that the service for which it is intended shall not cause in any 
of its parts temperatures or temperature rises in excess of those allowed 
by the I. E. C. rules when the machine is tested under the conditions of 
its continuous rating. 

General Note re Classes of Fluctuating Load Service inserted by the 
Editing Committee.—It is desirable to distinguish between two kinds of 
fluctuating load service :— 

(i) That in which the overload peaks can he sustained be a machine 

of ordinary construction^ without modification^ and without 
exceeding the limits of temperature rise allowed by these rules 
for the machine when tested under its I. E. C. continuous rating. 

(ii) That in which the overload peaks involve special provisions in 

design or construction either for mechanical or for electrical 
reasons. 

To designate this second class of service it is customary in 
Great Britain and the United States of America to employ the 
term ^‘duty cycle ratingf^ and the word ^^cycle'^ in this ease 
signifies a period of time sufficiently long to include all the 
variations of load which might influence either the electrical 
construction or the mechanical construction of the machine. 

12. Short Time Rating. —The I. E. C. short time rating is the load 
which can be carried on test for the time specified in the rating, the test 
being started with the machine cold and carried out under all the con¬ 
ditions of ,the rating, without the limits fixed by these I. E. C. rules, as 
regards temperature rise, being exceeded. 

13. Service thermally equivalent to the Short Time Rating. —Any 
machine intended for service on loads which vary considerably may be 
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given for test purposes a thermally equivalent I. E. C. short time rating 
provided that the service for which it is intended shall not occasion in 
any of its parts temperatures or temperature rises in excess of those 
allowed by these rules when the machine is tested under the conditions 
of its short time rating. 

PART IL INFORMATION TO BE GIVEN WITH ENQUIRIES AND 
ORDERS FOR ELECTRICAL MACHINES. 

IV. General Information. 

NoTE.—The term machine is used in these rules in its most general sense so as to avoid 
the constant repetition of the words machines, transformers and other electro-magneiic 
induction apparatus, 

14. General Information ,—The inquiry or order for an electrical 
machine should give the following general information:— 

(a) The service output. 

{h) The class of service required. 

In the absence of any indication to the contrary con¬ 
tinuous service is understood. 

{c) The maximum temperature of the cooling air in which the 
machine is intended to work when it exceeds 40°C. 

In the absence of any definite information it is under¬ 
stood that the temperature of the cooling air will not 
exceed 40°C. 

{d) The altitude of the place where the machine is intended 
to work if its exceeds 1000 metres. In regard to altitude, see 
Clause 3. 

(e) Any special requirements, if necessary, with regard to 
windings, methods of connection, neutral points and special 
tapping points, etc. 

(/) When the apparatus is intended to operate in parallel with 
other apparatus the fact should be stated. 

(g) Any special requirements in regard to electrical and 
mechanical details such as protective devices, cooling arrange¬ 
ments, etc. 

(Specific recommendations regarding these details will be made 
at a later date by the I. E. C.) 

V. Supplementary Information. 

15. Supplementary Information .—The above general information 
should be completed by the following supplementary information in 
regard to the particular machine forming the subject of the order:— 

16. Direct-current Generator. 

Output at the terminals, in watts (W) or kilowatts (kW). 
Pressure between terminals, in volts. 

Current, in amperes. 

Speed, in revolutions per minute. 

Method of excitation. 

17. Direct-current Motor. 

Output at the shaft, in watts (W) or in kilowatts (kW). 
Pressure between terminals, in volts. 

Current, approximate, in amperes. 

Speed at rated output, approximate, in revolutions per minute. 
Method of excitation. 
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18. Alternating-current Transformer. 

Frequency, in periods per second. 

Number of phases. 

Output, in voltamperes (VA), or in kilovoltamperes (kVA). 

Primary pressure between terminals, in volts. 

Secondary pressure between terminals, in volts, at no-load and 
at rated output with statement as to the power factor of 
the circuit fed by the secondary. If the power factor is 
not specified it shall be taken as 0.8. 

Secondary current, in amperes. 

For transformers intended to work in parallel, the primary 
pressure, current, and power factor on short circuit test, 
shall also be stated. 

For three-phase transformers the method of connection shall 
also be indicated in accordance with the vector diagrams 
{see Appendix I.). 

Any special requirements as to the accessibility of neutral 
points and special tapping, points shall be indicated. 

Note. —Whatever may be the nature of the transformers (step-up or step-down) the 
primary terminals are those which are connected to the source of electrical energy and the 
secondary* terminals those which receive the electrical energy. 

19. Synchronous Alternator for Alternating Currents, Single or Poly 

phase. 

Frequency, in periods per second. 

Number of phases. 

Output between terminals, in voltamperes (VA) or kilovolt¬ 
amperes (kVA). 

Pressure between terminals, in volts, corresponding to the rated 
output. 

Power factor of the system to be supplied. If this is not 
specified it shall be taken as 0.8. 

Current, in amperes. 

Speed, in revolutions per minute. 

. Excitation pressure, in volts (if the alternator is not provided 

with a special exciter). 

Maximum exciting current available, in amperes (if the alterna¬ 
tor is not provided with a special exciter). 

20. Synchronous Motor for Alternating Currents, Single or Polyphase, 

Frequency, in periods per second. 

Number of phases. 

Mechanical output at the shaft, in watts (W) or in kilowatts 
(kW). 

Current, approximate, in amperes. 

Pressure, in volts, of supply available. 

Speed, in revolutions per minute. 

Unless otherwise specified, the motor must be capable of giving 
its rated mechanical output at unity power factor. 

If the motor is required to act as a device for improving the 
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power factor, the value of the reactive power required shall 
be stated. 

Excitation pressure, in volts (if the motor is not provided 
with a special exciter). 

Method of starting to be employed and source of power avail- 
able for this purpose. 

Maximum exciting current available, if limited. 

21. Non-Synchronous Motor for alternating currents, Single or Polyphase 

Frequency, in periods per second. 

Number of phases. 

Mechanical power at the shaft, in watts (W) or in kilowatts (kW) 

Pressure between terminals, in volts. 

Current, approximate, in amperes. 

Speed, in revolutions per minute, approximate, at the rated 
output. 

Rotor, whether wound or squirrel cage. 

Method of starting. 

Unless otherwise specified it is assumed that the stator receives 
the supply current. 

Starting torque in kilogrammes at one metre. 

Ratio of the starting current to the current corresponding to 
the rated output. 

Ratio of the starting torque to the torque corresponding to 
the rated output. 

The last three items are to be stated for the motor with 
its starting accessories. 

PART III. CONDITIOITS TO BE FULFILLED BY ELECTRICAL 

MACHINERY. 

VI. General Remarks. 

22. General .—This section deals with the conditions to be fulfilled 
by a machine purporting to comply with the 1. E. C. Rules, 

VII. Limits of Temperature and Temperature Rise. 

Temperature Limits. 

23. Table of TentpeTCiture Limits ,—The following table gives the 
limits for the observable temperatures and temperature rises of windings 
and of certain parts of machines. 

The permissible temperature limits are indicated in column I of the 
table. 

The permissible limits of temperature rise are given in column 2. 
The temperature rises measured on any machine which has worked for 
the specified time at the output corresponding with its I, E. C. rating 
shall not exceed in any of its parts the limiting valuits given in column 2 
of the table. The highest permissible temperature given in column 1 
and the temperature rises given in column 2 of the table should never 
be exceeded by a machine operating in service. 

(For exception see Clause 27.) 
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Temperature Limits. 


Item 

No. 

Nature of the insulation of the winding or 
name of part. 

Column 1. 
Highest permis¬ 
sible observable 
temperature. 

Column 2. 
Highest permis¬ 
sible observable 
temperature rise 
for the purpose of 
fixing the inter¬ 
national rating. 



Degrees C. 

Degrees C. 

1 

Cotton, paper or silk, non-impregnated .. 

80 

40 

2 

“ “ “ impregnated {see 




Clause 24). 

95 

56 

3 

Cotton, paper or silk, immersed in oil_ 

95 

55 


Enamelled wire {see Clause 25). 

95 

55 

5 

Mica, asbestos, glass, porcelain, micanite 




and similar compositions. 

115 

75 

6 

Insulated windings permanently short cir¬ 




cuited ... 

100 

60 

7 

Non-insulated windings permanently short 




circuited. 

110 

70 

8 

Oil (for temperature limits, see Appendix 




II.). 

_ 

_ 

9 

Commutators, slip rings {see Clause 27).... 

90 

50 

10 

Bearings.. 

80 

/in 

11 

Iron core immersed in oil. 

95 

• 55 

12 

Iron core in contact with windings. 

Same as the windings. 

13 

Iron core not in contact with windings nor immersed in oil. 

The temperature 


and temperature rise shall not exceed that allowed for the windings themselves, 


and in no case shall the temperature and temperature rise exceed H0®C. and 


and 70 C. respectively. 



14 

Single layer windings! An increase of 5°C. above the temperatures given for 


items 1, 2 and 4 shall be permitted in the case of coils, revolving or stationary. 


with single layer windings when not immersed in oil. 

1 


24. Impregnated Cotton^ Paper or Silk. —An insulation is considered 
to be impregnated when a suitable substance replaces the air between 
its fibres, even if this substance does not completely fill the spaces between 
the insulated conductors. The impregnating substance, in order to be 
considered suitable, must have good insulating properties; must entirely 
cover the fibres and render them adherent to each other and to the con¬ 
ductor, must not produce interstices within itself as a consequence of 
evaporation of the solvent or through any other cause; must not flow 
during the operation of the machine at full working load at the tempera¬ 
ture limit specified; must not deteriorate under prolonged action of heat. 

25. Enamelled Wire. —When employing the temperature limits in 
the table for enamelled wire the maker must satisfy himself that the 
enamel employed is of good quality. 

26. Compound Insulations made up of Difjerent Materials—When 
insulation consists of layers of several different materials, the lowest of 
the temperatures parmitted for the different insulating materials em- 
^oyed {see^ Clause 23) is to be adopted as the limiting temperature. 
The insulating material, even when forming the support, shall always be 
assumed as forming part of the winding. 

27. Commutators and Slip Rings. —The observable temperature and 
temperature rise of commutators and slip rings may exceed the values 
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given in item 9 of the table, provided that the three following conditions 
are fulfilled:— „ 

(a) The temperatures of the insulating materials in the commutator 
and on the adjoining windings shall not exceed those allowed in the table 
for the insulating materials of those parts. 

{b) The manufacturer shall give a special guarantee that the high 
temperature attained shall not impair the commutation. 

(c) The temperature shall not be so high as to affect the quality of 
the soldered joints and the connections. 

Reference Temperature of Cooling Medium. 

28. Reference Temperature of Cooling Medium. — {a) Temperatg 
Climates. In the absence of any indication to the contrary the maximum 
temperature of the air in which the machine is intended to operate in 
service shall be deemed to be 40°C. 

ih) Cold Climates. In cold climates, when the actual temperature 
of the air in which the machine is intended to operate in service is not 
much different from 40°C. it is recommended that this conventional 
reference temperature of 40 °C. should be adopted. 

(c) Tropical Climates. The question of a reference temperature for 
cooling air for machines intended to operate in service in tropical climates 
will be dealt with by the I. E. C. at a later date. 

id) Water Cooling {see Appendix II.) 

Permissible Limits for Temperature Rise. 

29. Permissible Limits for Temperature Rise .—The limits permitted 
for temperature rise are deduced from the values allowed for the highest 
permissible observable temperature (see Clauses 23—27) by subtracting 
therefrom 40°C. (the value assumed as that of the maximum cooling 
air temperature of the place in which the machine may be required to 
work in service) (see Clause 28). 

Temperature Measurements. 

30. Value of Temperature of Cooling Medium .—A machine may be 
tested at any convenient cooling air temperature less than 40 °C., but 
whatever be the value of this cooling air temperature the permissible 
rises of temperature shall not exceed those given in column 2 of the table 
(see Clause 23). 

Corrections for variations in the cooling air temperature are not con¬ 
sidered necessary within the limits of cooling air temperature obtaining 
in general practice. 

In the case of cooling by means of forced ventilation the temperature 
of the air measured where it enters the machine shall be considered as 
the cooling air temperature. 

For all machines cooled by other means, special rules will be necessary. 
'(For water cooling, see Appendix 11.) 

31. Measurement of Cooling Air Temperature during Tests .—The 
cooling air temperature shall be measured by means of several thermo¬ 
meters placed at different points around and half-way up the machine 
at a distance of one to two metres, and protected from all heat radiation 
and draughts. 
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The value to be adopted for the temperature of the cooling air during 
a test shall be the mean of the readings of the thermometers (placed as 
mentioned above, taken at equal intervals of time during the last quarter 
of the duration of the test. 

In order to avoid errors due to the time lag between the temperature 
of large machines and the variations in the cooling air, all reasonable 
precautions shall be taken to reduce these variations and the errors 
arising therefrom. 

Methods of Measurement of the Temperatures of Machines. 

32. Measurement of the Temperatures of Machines .—Two methods of 
determining the temperature of windings and other parts of machines 
are recognized:— 

(ja) Thermometer method. 

(Jb) Resistance method.* 

^Note. With a view to brevity, the expression “method of variation of resistance of 
the winding is replaced by the term “resistance method,” or simply “by resistance.'* 

33. Thermometer Method .—In this method the temperature is de¬ 
termined by thermometers applied to the accessible surfaces of the 
completed machine. The term “thermometer*’ also includes thermo¬ 
couples and resistance-thermometers. 

34. Resistance Method. —In this method the temperature rise of the 
windings is determined by the increase in the resistance of the windings 
themselves and checked by thermometers applied to the accessible 
surfaces of the windings to ascertain whether there is any higher local 
temperature. The highest of the temperatures thus found shall be taken 
as the observable temperature. 

35-. Temperature of Windings .—The temperature of windings as a 
rule shall be measured by the resistance method. The thermometer 
method alone is permitted in the following cases:— 

(a) When it is not practicable to determine the temperature rise by 
the resistance method, as for example with low resistance commutating 
coils and compensating windings, and in general in the case of low re¬ 
sistance windings, especially when the resistance of joints and connections 
forms a considerable portion of the total resistance. In this case the 
temperature limits given in the table apply without correction. 

{h) Single layer windings, revolving or stationary, when not immersed 
in oil. In this case an increase of 5^C. above the limits of temperature 
and of temperature rise given in the table is permitted. 

{c) When, for reasons of manufacturing in quantity the thermometer 
method is used alone, although the resistance method would be possible. 
In this case the value of the highest permissible observable temperature 
and temperature rise given in the table shall be reduced by five degrees 
except in the case of stationary field coils, when the values given in the 
table shall be reduced by the difference between resistance and thermo¬ 
meter measurements as determined on similar machines, but in no case 
shall such reduction be less than 5®C. 

36. Corrections of Measurements taken after the machine has shut 
down.—li the temperature is measured only after shut-down, the highest 
temperature attained while running shall be deduced by extrapolation 
on the time-temperature curve. 
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37. Measuring Temperature of Direct-Current Generators and Motors.— 
The temperature of field windings -shall be measured in the manner 
described in Clauses 35 and 36. 

The temperature of the armature shall be determined as a rule by 
thermometers placed on the windings at the hottest accessible parts, 
and when this method is employed the value of the highest permissible 
observable temperature and temperature rise shown in the table shall 
be reduced by 5°C. 

38. Measuring Temperature of Transformers.— temperature of 
transformer windings shall always be ascertained by resistance. 

39. Measuring Temperature of Synchronous Alternators and Motors. _ 

The temperature of the field windings shall always be ascertained by 
resistance. The temperature of stator windings shall be ascertained 
either by resistance or by thermometer in the manner described in the 
preceding clauses. 

40. Measuring Temperature of Non-Synchronous Motors without 
Commutators.—Tht temperatures of the stator and rotor shall be ascer- 
tained in the same manner as those of the stator of a synchronous alter¬ 
nator {see Clause 39), except in the case of a permanently short-circuited 
winding, when the thermometer method shall be employed. 

41. Coefficients of Variation of Resistance of Copper with Tempera¬ 
ture. —In the case of resistance measurements the temperature coefficient 
of copper shall be taken from the values stated in the accompanying 
table, which have been deduced from the formula 1/(234.5 + t). Thus, 
at an initial temperature t = 30°C. the temperature coefficient or in’ 
crease in resistance per degree Centigrade rise is 1/(264.5) = 0.00378. 


Temperature of the 
windings in- degrees 
C., at which the 
initial resistance is 
measured. 

Copper—increase 
in resistance per 
ohm per degree C. 

0 

0.00427 

5 

0.00418 

10 i 

0.00409 

15 

0.00401 

20 

0.00393 

25 

0.00385 

30 

0.00378 

35 

0.00371 

40 

0.00364 


42, When the temperature of a winding is to be determined by re¬ 
sistance, the temperature of the winding before the test measured by 
thermometer shall not differ much from that of the cooling air. 

43. Duration of Temperature Test for Continuous Rating. —For 
machines with I. E. C. continuous rating the temperature test shall be 
continued until it is evident that the maximum temperature rise attained 
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would not exceed the limits given in the table (see Clause 23), if the test 
were to be prolonged until the final steady temperature were attained. 
If possible, the temperature shall be measured both while running and 
after shut-down. 

44. Duration of Temperature Test for Short-time Rating, —For ma¬ 
chines with I. E. C. short-time rating the duration of the temperature 
test shall be that corresponding to the short-time test rating as indicated 
upon the rating plate. 

At the commencement of the test the temperature of the machine must 
be practically that of the cooling air. 

VII. Dielectric Tests. 

(See Appendix III. for proposals.) 

IX. Mechanical Tests. 

(Not yet prepared.) 

X. Commutation. 

(Not yet prepared.) 

PART IV. MARKINGS. 

XI. Rating Plates. 

45. Rating Plate. —Every machine shall bear the information neces¬ 
sary to define the limitations of the service for which it is intended. 

For this purpose it shall have in all cases a rating plate and also 
such diagrams and terminal markings as may be necessary. 

46. Information on Rating Plate. —The rating plate of a machine 
complying with the I. E. C. rules shall have a distinctive special sign 
and give the following information:— 

(a) The name of the maker. 

(h) The maker’s machine number. 

(c) The class of rating or the necessary information if the 

machine is intended to operate under more than one 
class of rating. 

(d) The altitude at which the machine is intended to work if 

such altitude exceeds 1000 metres. 

(e) The following technical information according to the 

character of the machine:— 

In the absence of any indication in regard to the class of rating 
it is understood that the machine is intended for* continuous 
service. 

47. Direct-current Generator. 

Generator—Direct-current. 

Output, in watts (W) or in kilowatts (kW), with statement 
as to the class of rating. 

Pressure between terminals, in volts. 

Current, in amperes. 

Speed, in revolutions per minute. 

48. Dierct-current Motor. 

Motor—Direct-current. 

Output, in watts (W) or in kilowatts (kW), with statement 
as to the class of rating. 

Pressure between terminals, in volts. 

Current, approximate, in amperes. 

Speed, in revolutions per minute. 
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49. Transformer. 

Frequency, in periods per second. 

Number of phases. 

Apparent output at the secondary, in voltamperes (VA) or 
in kilovoltamperes (kVA), with statement as to the class 
of rating. 

Primary pressure between terminals, in volts. 

Secondary pressure, in volts, at no load and at rated load, with 
statement as to the power factor. 

Short circuit pressure, in volts. 

Secondary current, in amperes. 

In addition, for three-phase transformers, a vector diagram 
indicating the method of connection of the windings in 
accordance with the figures. {See Appendix I.) 

50. Alternator. 

Frequency, in periods per second. 

Number of phases. 

Apparent output, in voltamperes (VA) or in kilovoltamperes 
(kVA), with statement as to the class of rating. 

Pressure between terminals, in volts, corresponding, to the 
rated output. 

Current, in amperes. 

Power factor corresponding to the rated output. 

Speed, in revolutions per minute. 

Excitation pressure, in volts. 

Maximum exciting current, in amperes. 

51. Synchronous Motor. 

Frequency, in periods per second. 

Number of phases. 

Mechanical output, in watts, (W) or in kilowatts (kW), with 
statement as to the class of rating. 

Pressure between terminals, in volts, corresponding to the 
rated output. 

Current, approximate, in amperes. 

If the motor is intended to work with a power factor different 
from unity, the necessary information to be given. 

Speed, in revolutions per minute. 

Excitation pressure, in volts. 

Maximum exciting current, in amperes. 

62. Non-Synchronous Motor. 

Frequency, in periods per second. 

Number of phases. 

Mechanical output, in watts (W) or in kilowatts (kW), with 
statement as to the class of rating. 

Pressure between terminals, in volts. 

Current, approximate, in amperes. 

Speed, in revolutions per minute, at rated output. 

Maximum pressure between slip rings, in volts. 
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APPENDIX I. 

At the meeting of the Advisory Committee on Rating held in September, 
1913, the question of terminal marking and vector diagrams was re¬ 
ferred to Messrs. Everest and la Cour. The following rules were for¬ 
warded to the Central Office, but as they have not been submitted to 
the National Committees, the Editing Committee decided to include 
them as an Appendix only. They will, therefore, be submitted to the 
next Plenary Meeting for ratification. 

Terminal Markings for Transformers. 

1. Single-phase Transformers. —The terminals of all single-phase 
transformers shall be marked with the letter T for the high pressure side 
and t for the low pressure side. 

The neutral terminal, if provided, shall be marked by N or n. 

The letters T and t should be accompanied by subscripts 0, 1, 2, 
etc., arranged in order of progression in the same direction as the 
electromotive force in each circuit at the same instant, as shown 
in the diagram. 

If the transformer has two or more windings intended to be 
coupled in series or in parallel, the subscripts shall be single num¬ 
bers for the first of such windings (1, 2, etc.), double numbers for 
the second windings (11, 22, etc.), and so on. 

2. Polyphase Transformers. —The terminals of all polyphase trans¬ 
formers shall be marked as follows:— 

{a) Phase Identification. The terminals of the high pressure 
and low pressure windings of any one phase shall be marked 
with the same letter, using capital letters on ; he high pressure 
terminals and small type letters on the low pressure terminals. 

The letters, A. B. C. a. b. c. shall be used. 

The neutral terminal, if provided, shall be marked N or n. 

(b) Polarity Identification. The relative polarity of the corres¬ 
ponding high pressure and low pressure windings in each phase 
shall be indicated by the addition of subscripts (0) and (1) 
after the phase letters, so placed that at the instant when (in, 
for instance, phase A) the high pressure terminal marked Ai is 
positive to terminal Ao, the low pressure terminal ai shall be 
simultaneously positive to that marked qq. 

Vector Diagrams for Polyphase Transformers. 

3. Polyphase Transformers connected together. —When two or more 
polyphase transformers are to be grouped together with their windings 
connected to the same primary and secondary systems, it is essential 
that the transformers shall correspond, not only as regards the pressures 
for which they are intended, but also as regards the exact phase relation 
of the secondary winding to the primary winding. 

4. Scope of Vector Diagrams.—K\\ polyphase transformers shall bear 
a vector diagram which shows accurately the phase relation between 
primary and secondary terminals. To secure the correctness of such a 
diagram the following requirements shall be complied with*— 
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{a) The identification of each phase of the secondary winding 
with the corresponding phase of the primary winding shall 
be clearly indicated by the same terminal markings {see 
Paragraph 2 above). 

(6) To avoid error arising from differences in methods of winding, 
the relative instantaneous polarity of primary and secondary 
windings in each phase shall be indicated at the terminals of 
the various phase windings {see Paragraph 3 above). 

5. Vector Diagrams. —The vector diagram of connections shall {show 
the phase letter and the polarity marking for each phase of the windings, 
and shall show correctly how the various phases are connected together. 
But to avoid the complexity of marking both phase letter and polarity 
mark at each end of every winding vector it shall be sufficient to show 
the phase letter once, together with an arrow head to indicate polarity, 
the arrow head in every case pointing away from that end of the phase 
which has the polarity mark (0) on its terminal. 

6. The following are some typical vector diagrams which embody the 
principles laid down in these rules: 

APPENDIX II. 

This Appendix contains proposals prepared by the Advisory Com¬ 
mittee on Rating for submission to the National Committees, but not 
yet presented to a Plenary Meeting for ratification. 

1. Temperature Limits for Oil. 

Temperature limit for oil measured by thermometer.., 90®C. 

Temperature limit for the windings (measured by the 
increase of resistance) and other parts immersed in 
oil. 95°C. 

Note. —The adoption of these temperatures implies the employment of a good oil of 
which the quality may be verified by ascertaining the flash point and measuring the de¬ 
posit produced by heating. 

The I. E. C. has not yet sufficient data to fix limiting values for the flash point or to 
prescribe the methods of measurement of the deposit. 

2. Reference Temperature of Cooling Water. —For water-cooled 
apparatus, in the absence of any indication to the contrary, the maximum 
temperature of the cooling water in service shall be deemed to be 25°C. 
at the point of entry. 

3. Temperature Limits for Water-cooled Transformers, —In the case 
of oil-immersed water-cooled transformers the limits of highest permissible 
observable temperature given in the table are to be reduced by 10°C.; 
therefore, the corresponding limits of temperature rise shown in the table 
may be increased 5°C, 

APPENDIX III. 

Dielectric Tests. 

This Appendix contains proposals in regard to Dielectric Tests pre¬ 
pared by the Advisory Committee on Rating for submission to the 
National Committees, but not yet presented to the Plenary Meeting 
for ratification. « 
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Dielectric Tests .—The high pressure test shall be applied between the 
winding and the frame with the core connected to the frame and to the 
winding not under test, and shall be applied only to a new and completed 
machine with all its parts in place under conditions equivalent to normal 
working conditions, and unless otherwise specified the test shall be carried 
out at the maker’s works at the conclusion of the temperature test of 
the machine. 

The test pressure shall be alternating, preferably of sine wave form. 

The test shall be commenced at a pressure of less than one-third the 
test pressure and shall be increased to the full test pressure as rapidly 
as is consistent with its value being correctly indicated by the measuring 
instrument. The full test pressure shall then be maintained for one 
minute in accordance with the values as indicated in the following table;— 


Item Machine or Part. Test Pressure (R. M. S.). 

No. 

1 Rotating machines of size less 500 V. + twice the rated pres- 

than 1 kW. sure. 

2 Rotating machines of size 1 1000 V. + twice the rated 

kW to 3 kW. pressure. 

3 Rotating machines of size 1000 V. + twice the rated 

above 3 kVA. pressure with minimum, 

2000 V. 

4 Field windings for synchro- 10 times the excitation pres- 

nous generators when the sure. 

excitation pressure does not 

exceed 750 V. Minimum, 2000 V. 

Maximum, 3500 V. 

5 Field windings for synchro¬ 

nous motors:— 

{a) When intended to be 10 times the excitation pres- 
started up with the field sure, 

windings short circuited. Minimum, 2000 V. 

Maximum, 3500 V. 

(b) When intended to be 5000 V. 
started up with the field 
windings separated by a 
break-up switch. 

(c) When intended to be 5000 V. when the excitation 

started up with the fields on pressure is less than 275 V. 

* open circuit and without a 8000 V. when the excitation 
break-up switch. pressure is equal to or exceeds 

275 V. 

6 Exciter.. Not yet decided. 

7 Transformers in general. 1000 V. + twice the rated 

pressure. 
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Item 

No. 

Machine or Part.' 

Test Pressure (R. M. S.). 

8 

Transformers for primary 

Primary windings: 1000 V. 


pressures over 550 V., the 

+ twice the rated primary 


secondaries of which are for 

pressure with minimum, 


direct connection to public 

10000 V. (adopted as a pro- 


or private distribution sys- 

tection to human life). 


terns or public or private 

Secondary windings: 1000 V. 


consumers {i. e.y secondary 

4- twice the rated second- 


pressures less than 550 V.). 

ary pressure. 

9 

Secondary (rotor) windings of 

For non-reversing motors: 


induction motors not perm- 

1000 V. + twice the maxi- 


anently short circuited. 

mum pressure which could 
be induced between the slip 
rings. 

For reversing motors: 1000 

V. -f 4 times the pressure 
between the slip rings at 
standstill on open circuit 
with full primary pressure 



applied to tator windings. 

10 

Alternating current apparatus * 
connected to a single-phase 
system of more than 300 V. 
pressure permanently 

earthed. 

Not yet decided. 

11 

Assembled apparatus. 

When the test is made on an 
assembled group of several 
pieces of new apparatus 
each one of which has pre¬ 
viously passed its high pres- 
ure test, the test on such 
assembled group shall not 
exceed 85 per cent, of the 
lowest test pressure appro¬ 
priate for any part of the 
group. 


APPENDIX IV. 

Definitions dealing with the subject of “Rating”:— 

Gt. Britain. —The rating of an electrical machine is the output assigned 
to it by the maker, together with the associated conditions, all of which 
are marked on the Rating Plate. 

Note.—A machine may have a test rating or a service rating, or both, assigned to it, 
and marked on the rating plate. 

United States of America. —The rating of a machine is the output 
marked on the Rating Plate and shall be based on, but shall not exceed 
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the maximum load which can be taken from the machine under prescribed 
conditions of test. This is also called the Rated Output. 

(The term maximum load" does not refer to loads applied solely 
for mechanical, commutation, or similar tests.) 

Prance ,—The rating of a machine is determined by the conditions of 
working such as speed, pressure, current, power factor, etc., as indicated 
on the Rating Plate. 

Italy .—The output of a machine is the normal or average output, that 
is to say, the load at which the machine can work under normal condi¬ 
tions. 
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INDEX 

SECTION 


SECTION 

Abbreviations.3604 

— Photometric...11067 

Absorption, Atmospheric.13002 

Absorption Factor.11024 

Acceleration Due to Gravity, Symbol 

and Abbreviation.3604 

Acoustic Resonance Device.13000 

Active Component.3254 

Acyclic Machine.4028 

Adjustable Speed Motors."..4037 

-Base Speed of.4038 

— Varying Speed Motors.4039 

Admittance Symbol.3604 

Advancer, Phase.4014 

— Synchronous.4015 

A. I. E. E. Rating.2224 

“Air” as a Prefix.7030 

— Blast Transformer, Temperature 

Correction for Variation of Am¬ 
bient Temperature.6311 

— Density Correction for Sphere Gap 

Spacing.2369 

-of Voltage.2370 

Alarm Signal.12292 

Allowances, Conventional, for Three 

Methods of Measurement.1003 

Alternating Current...3116 

A-C. Apparatus, Conditions for Effi¬ 
ciency Tests.2332 

— Commutating Machines.4017 

— Commutator Motors, Classifica¬ 

tion of. 4063 

— Convention for Vectors.3230 

— Damped.13008 

— Forced.13016 

““ Free.13017 

— Simple.3214 

— Test Voltage for Household De- • 

vices.16000 

Alternator.4020,4021 

— Connected to Prime Movers Pulsa¬ 

tion of.14011 

— Inductor. 4022 

— Polyphase. .4021 

— Rating.4221 

— Variation in.4088, 14010 Note 

Altitude, Correction for. 2215 

-Water-Cooled Transformers_6215 

Ambient Temperature.3000 

-Correction for the Deviation 

of.2311. 6311 

-for Machines Below Floor 

Line..4300(6) 


Ambient Temperature, Temperature 


Rise for any.2310 

-from an Idle Unit. 2300 (c) 

-Machines Cooled by Forced 

Draft.4300 (a) 

-Measurement of_... .2300 (a) (6) 

-Water-cooled Transformers.6300 

-of Reference for Air. 1008, 2211 

-of Reference for Water.1008 

-Water Cooled Machinery.2212 

American Wire Gage..9200, 9201 

Ammeter.8002 

Amortisseur Windings, Temperature 

of.2116, 4105 

Amplifier...12293, 13040 

Angular Displacement of e. m. fs. be¬ 
tween Transformers... .6411 (6) 6418 (b) 

Angular Velocity.3228 

-Symbol. 3604 

Annealed Copper Standard.9060, 9202 

Annunciator Cables and Wires, Test 

Voltage..9312 (f) 

Antenna,.13001 

Anti-inductive Load.3406 

Apparatus, Assembled. .2357 

— Auxiliary, Losses in.4343 (c) 

— Rated above 600 Volts, Test Volt¬ 

age.7323 (6) 

-at 600 volts or Lower, 

Test Voltage..7323 (a) 

— Stationary Induction.6000 

— Switching and Control.7000 

Apparent Power.3238 

Arc Machines.4016 

Area, Telephone Exchange.12204 

Armature-Bearing Friction, Railway 

Motors.5338, 6339 

— Spring.12264 

Arrester, Lightning.7020 

— with Gap.7372 

Assembled Apparatus.2357 

Assurance, Factor of.9030 

Atmospheric Absorption.13002 

Attenuation (Radio), Coefficient of.. .13038 

— Constant.12057 

— Radio.13037 

Audio Frequencies.13003 

Automatic Motorstarter. .7009 

— Signaling.12270 

— Switch. 12271 

— Telephone System.12201 


Automobile Apparatus, Test Voltage 1361 (/) 
— Motor and Generator Rating 

.6105,6206.6341 
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SECTION 

Automobile Motor Brush Contact Loss 6341 
— Propulsion Machines, Observable 


Temperature Rises.6130 

-Rating.6205 

Auto-Transformer...6010 

— for Motor Starter, Test Volt¬ 
age.7323 (c) 

-Motor Starter.7010 

-Voltage Test.6361 (6) 

Auxiliary Apparatus, Losses in.4343 (c) 

—• Machinery, Rating.4223, 6223 

—» Switch.7004 

Available Output..1600 (b), 2202 

Average Selectivity.13048 

Axle Bearings, Losses in.5337 

B 

Back Contact Spring.12268 

Balanced Polyphase Load.3414 

-System.3362 

Balancer. .4006 

Bank Cable.12280 

— Wires.12279 

Barometric Pressure for Institute 

Rating.2205 

Base Speed of an Adjustable-Speed 

Motor.4038 

Bearing Friction and Windage.4337 

-Engine Type Genera¬ 
tors . 4337 (c) 

— — and windage. Induction 

Motoi^.4337 (6) 

— --D.C. Railway Motors.. .6337 

Bearings, Temperature Limits..4109 

Bell-Ringing Apparatus, Test Volt¬ 
age. ..4361 CO 

Blower, Ventilating, Losses.4343 (6) 

Booster. 4003 

Bracket Systems...5007 (d) 

Break, Impulse.12284 

Breakers, Circuit.7005 

Bridge Duplex. 12510 

—.Systems.6007 (c) 

Brightness, Expression of.11012 

Brightness Ratio..11037 

Brown and Sharpe Gage...9200, 9201 

Brush Contact Loss 

4337, 6334 (6) (c) Table 402 

— Friction, Commutator and Collec¬ 

tor Rings,..4338 

-- D-C. Railway Motors... 6338, 5339 

— Holders, Temperature of.2116, 4109 

Brushes, Temperature of.2116, 4109 

Burden, Secondary.8031 

“Busy”......12242 

“Busy, To Make”...12244 

c 

Cable....9004 

— Bank. 12280 

— Breakdown Tests of..9314 

— Capacitance.... ... .9330 to 9334 


SECTION 

Cable Concentric, N-Conductor.9011 

— Concentric-Lay.9008 

— Designation by Cross Sectional 

Area.9201 

— Duplex.9012 

— Electrical Tests of.9300 

— Factor of Assurance.9030 

— Flexible.9402 

— Heating of.9100, 9202 Note 

— Immersion for Testing.9301 (6) 

— Insulation Resistance of 


9031, 9320 to 9323 


-Test of.9322 

— Lengths Tested.9300 

— Measurement of Capacitance of.... 9332 

— Messenger.5005 

~ Multiple.12281 

-Conductor, Capacitance of_9334 

-Immersion in Water.9301 (b) 

-Insulation Tests of.9323 

-Conductor, Tests of.9315 

— N-Conductor.9010 

— — — Concentric..9011 

Cable Not Requiring Special Flexi¬ 
bility.9401 

— Paired, Capacitance.9333 

— Phantomed... 12009 

— Rope-Lay.9009 

— Rubber Insulated.9405 

— Safe Limiting Temperature 
.9100, 9202 Note 

— Sectional Area of.9201 

— Sector.9017 

— Standard.12059 

— Test Voltage.9311, 9312 

-and Frequency_9312 (a) 9313 

— Triplex..9016 

— Twin..:.9013 

Cables, Proposed Standard.9400 

“Call, To”.12234 

Call, Reverting.12240 

— Trunked. 12249 

Called Party.12239 

Calling Device.12237 

— Party.12238 

Candle.11000 

— Power.11009 

-Mean Hemispherical.11064 

-Horizontal.11062 

-Spherical.11063 

-^Zonal.11066 

Capability (or Capacity).3604 

Capacitance Cables.9330 to 9334 

— Measurement of.9332 

— Multiple-Conductor Cables. 9334 

— Paired Cables.9333 

— Symbols.. 3604 

Capacitive or Capability Coupler ... 13004 
Capacity,. 3604 

— Motor, Compared with Service 

Requirements.5502 

Cascade Converter.1...4011 
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SECTION 

Cases, Special and Specific, General 

Comments on.1010 

Cast Grid Resistor, Temperature 

Limits......7106 

Catenary, Compound.5006 (c) 

— Simple.... 5006 (c) 

— Suspension. 5006 (c) 

Center Contact Rail.5003 (d) 

Central OfiBlce.12205 

Change Speed Motor.4036 

Characteristic Curve of Luminous 

Sources.11061 

-Field-Control Motors.5402 

-Railway Motors... .5401, 5402, 5403 

— Impedance.12054 

— Voltage Curve, Railway Motor-5402 

Choke Coils.3078, 6015 

Circuit B raker.7002 

-Dielectric Tests.7323 

-Heat Test.7301 

-Interrupting Capacity.7060 

-Rating of..7201 

-Temperature Limits.7101 

— Composited.12008 

— Diplex.12012 

— Duplex. .12011 

—■ Electric. .3304 

— Equivalent. .12102 

— Ground-Return.12000 

— ‘‘I" Equivalent.12104 

— Impulse.12288 

— Local.12519 

— Low-Resistance, Temperature 

Measurement of.2322 

— Main.12518 

— Metallic.12001 

— Multiplex. .12014 

— Non-Phantomed.12006 

— "O" Equivalent.12106 

— “ II" Equivalent. 12105 

— Phantom.12004 

— Phantoplex. 12513 

— Polyphase.3332 

— Quadruplex. 12013 

— Quarter-Phase.3328 

— Side..12005 

— Simplex.12010 

— Simplexed. 12007 

— Single-Phase. 3324 

—- Six-Phase.3330 

— Subscriber Line.12216 

— Superposed..12003 

— “T" Equivalent....12103 

— Three-Phase.3326 

— Trunk. 12248 

— Two-Phase..3328 

— Two-Wire.12002 

Circuits, Telephony and Teleg¬ 
raphy.... 12000 to 12008 

Circular Inch.... 9200 

— Mil.... 9032 


SECTION 

Classes of Overhead Trolley Con¬ 


struction .5006 

Classification of Insulating Materials. .1004 

-Losses in Machinery.Table 401 

-Machinery.4000 

“Clear, To”.12246 

Coefficient, Directive.13044 

Coefficient of Attenuation.13038 

-Coupling, Inductive.13005 

-of a Transformer.12303 

-Reflection.11023 

-Utilization.11033 

Coil Loading.12025 

— Repeating.12304 

— Retardation.12305 

— Section, Relay.....12260 

Collector Rings, Temperature Limits.4106 
-and Commutator, Brush Fric¬ 
tion .4337 

-Temperature of.2116, 4106 

Combination Current.12226 

Commutating Machine, A. C.4017 

-A.C., Losses of.Table 402 

-D.C.4016 

-Losses of.Table 402 

-Synchronous.4018 

Commutation Limitations.4251 

-Continuously Rated Machines 

. 4251 (a) 

-Machines ‘ for Duty-Cycle 

Operation.4251 (6) 

Commutator Motors, A-C.4061 to 4074 

— Temperature Limits.4107 

— and Collector Rings, Brush Fric¬ 

tion . 4338 

Commutators, Temperature.2116, 4107 

Compensated Commutator Motor.4070 

Compensator, D.C.4006 

— Line-Drop Voltmeter.8006 

Component, Active.3254 

— Reactive. 3256 

Composite Line.12020 

Composited Circuit.12008 

Concentrator...12506 

Concentric Cable, N-Conductor..9011 

— Lay Cable.9008 

— Strand Cable.9007 

Condenser, Spark.,.12514 

— Synchronous. 4015 

Condensive Load. 3410 

Conductance, Symbol.3604 

Conducting Parts... .7050 

Conduction Commutator Motor.4071 

Conductivity of Copper.9202, 9050 

—‘Symbol.3604 

Conductor.9001 

— and Rail Systems.5000 

— Contact...5000 

— Round.....9018 

— Sizes of. .9200 

— Split.9019 

— Stranded. 9002 
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INDEX 


SECTION 

Connected Load.3424 

Connection, Delta.6412 (Z>) 

— Diametrical.6419 (6) 

— Double-Delta.6419 (c) 

— Interphase, Made Outside of Case. .6413 

— Star.6412 {a) 

Connections of Transformers.. 6402 to 6419 

-Diagrammatic Sketch of.... 6404 

Constant, Attenuation.12057 

— Propagation.12056 

— Wave Length.12058 

— Current Machines, Regulation of.. .4096 

— Field Commutator Motor.4067 

— Potential Machinery, Losses 

in.4334 Note 

— Potential Transformer, Rated 

Current.6031, 6032 

— Speed D. C. Motor, Regulation of 4097 

-Motor.4035 

Consumption, Power of Auxiliary 

Devices for Lamps.11044 

— Specific, of Lamps.11045 

Contact.7051 

— Conductors.5000 

— Rail.5003 (a) 

-Center.5003 id) 

-Gage.5003 (6) 

-Overhead.5003 (6) 

-Protection...5003 (A) 

-Third.5003 (c) 

-Underground...5003 (c) 

— Spring.12262 

-Back,.12268 

-Front,.12269 

— — Make-Before-Break.12267 

-Main..12263 

— Voltage Regulator.6012 

Contactor.7006 

— Magnetic, Heat Tests.7302 

— Magnetic, Temperature Limits... .7102 

Continuous Current.3112 

-Carrying Capacity of Fuses_7202 

— Loading. .12024 

— Rating..2220, 2225 

-, Railway Motors.5203 

— Surges, Lightning Arresters.7374 

— Tractive Effort.5213 

Continuously Rated Machines, Com¬ 
mutation Limitations.4251 

Control Apparatus...7000 

-Dielectric Tests.6361 (g) 8311 

— — Phase-Failure Protection.7023 

-Phase-Reversal Protection.7024 

-Under-Voltage Protection.7022 

---Release.7Cfel 

— Switch. 7003 

Controller, Electric.7007 

Convention, Counter-Clockwise..3230 

Conventional Allowances for Three 

Methods of Temperature Meas¬ 
urement . 1003 

— Efficiency. 2331 Note 


SECTION 

Converter...4008 

— Cascade.4011 

— Direct Current.4009 

— Frequency. 4012 

— Regulation.4008 

— Rotary Phase. .4013 

— Synchronous.4010 

-. /2R Loss.4336 (c) 

Cooperating Societies.Page VI 

Copper, Conductivity of.9050, 9202 

— Constant Mass Temperature Co¬ 

efficient.:. .9050 id) 

— Standard Annealed.9050 

— Temperature Coefficient of.2331 

— Wire Tables.9203 

Cord.9006 

Core Loss.4339, 5339 

-Induction Motors.4339 (c) 

-Railway Motors.5339 

-Rotating Machines...._4339 (o) 

-Synchronous Machines.4339 (5) 

-Due to Increased Excita¬ 
tion.4335 Note 

Cores, Temperatures of_2116, 4108, 4109 

Correction for Cooling of Wind¬ 
ings.6320 ic) 

— for Deviation of Ambient Temp- ^ 

eratures.2311, 6311 

— for Lay.9034, 9403 

— to Time of Shut Down.2316 

-Duration of Temp¬ 
erature Test and.1015 

Counter-Clockwise Convention.3230 

Counterpoise, in Radio Telegraphy,.. 13007 
Coupler (Radio)..13039 

— Capacitive.13004 

— Direct.13006 

— Inductive....13020 

Coupling Coefficient.12303 

Covering of Thermometer.. .2320, 6320 id) 
Crest Voltmeter.8004 

— Factor....3266 

Critical Resistance.13018 

Cross-Span Systems.5007 (&) 

-- Messenger.5007 (c) 

Current, Alternating.3116 

— Capacity.3504 

— Combination..2226 

— Continuous.3112 

— Free Alternating,. 3120 

— Margin....12515 

— Oscillating.3120 

— Pulsating.3108 

— Pulsating Ringing...12230 

— Ratio of Transformer.6035, 8033 

— Superimposed Ringing.12229 

— Supply Intermediate.12512 

— Symbols. 3604 

— Symmetrical. 3344 

— Transformer. 8030 

-Tests....2356, 8310 


Curve, Characteristic, Photometry., .11061 
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i 



SECTION 


Cut-off Relay.12259 

Cycle,.3204 

—- of Duty.2222 


D 


Damped Alternating Current.13008 

Damping.8302, 8502, 12050, 13008 

— Constant.12051 

— Factor.13009 

Data Required in Selecting Motor 

for Service.5501 

Decrement, Logarithmic.13025 

Decremeter.13036 

Defect, Phase Angle.13042 

Degree, Electric.3222 

— Magnetic.4092 

Delta Connection....6412 (6) 

Demand.3454 

— Factor.3460 

— Maximum.3458 

— -Meter.8007 

— of an Installation or System.3454 

Density, Annealed Copper Standard.. .9050 
Designation of Cables by Cross-Sec¬ 
tional Area.. • • • 9201 


— of Wires by Diameter or Gage 


Numbers.9200 

Detector.13010 

— Temperature, Location of.2323 

Developments of the A. I. E. E. Stan¬ 
dards.Page iii 

Deviation Factor of a Wave.3274, 4351 

— of the Ambient Temperature, Cor¬ 

rection for.2311 

Device, Calling. 12237 

Diagrammatic Sketch of Connections 

of Transformer..6404 

Diametrical Connection.6419 (6) 

Dielectric Constants, Symbols.3604 


— Strength and Insulation Resist¬ 
ance.1300 to 1400 

-Test Voltage 2353 to 2355, 

4388, 6353, 6360, 6361 (6) 
-Duration of Applica¬ 


tion 


2355 


-Frequency and Wave 

Shape...2354 

--Points of Application... 2353 

-Tests, Condition of Machine.. .2350 

-Lightning Arresters.7376 

Dielectric Strength Tests, Measure¬ 
ment of Voltage...2358 

-- Tests, Temperature at Which ' 

They are to be Made.2352 

— Strength Tests, Use of Voltmeters 

and Spark-gai)s in.2359 

-Tests, Where Made.2351 

-Test of Cables.9310, 9311, 9314 

--of Circuit Breakers.. .7323 

-Machines.1301 

— -Voltage Measure¬ 

ments...2359 


SECTION 


Dielectric Strength Test of Pro¬ 
tective Reactors.6361 (g) 

-Switches..7323 

Differential Duplex.12509 

Diffused Illumination.11032 

Diffusing Surfaces and Media.11020 

Diplex Circuit.12012 

Direct Coupler.12006 

— Current.... .3104 

— — Commutating Machines.4106 

-Compensator.4006 

-Converter.4009 

-Generators, Expression of 

Rating.4220 

-Machines, Losses of.Table 402 

-Railway Motors, Bearing Fric¬ 
tion and Windage.4337 (d) 

Direct Current Railway Motors, 

Brush Contact Loss.4338 (6) 

— Point Repeater.12505 

— Suspension.5006 (b) 

Directional Selectivity.13045 

Directive Coefficient.13044 

Disconnect, To. 12245 

Direction of Lay. 9034 

Displacement, Angular.. .6411 (6) 6418(6) 
Distributing Frame, Intermediate.. . 12222 
-Main.12221 

— Transformers, Tests Voltage of .6361 (a) 
Distribution Feeders, Regulation of. .15000 

— System. 6031 

District, Telephone Exchange.12204 

Diversity Factor.3464 

Double-Current Generator.4007 

— Delta Connection.6419 (c) 

Drip-Proof.7033 

-Machine.4048 

Drop, Impedance. .4089, 4090, 4091, 6052 

—— Per cent. .4089, 6050 

-— in Induction Motors, 

.4089, 4090, 4091 

-— in Transformers 6050, 

... 6051, 6052 Note 

— Impedance...4091 

— Reactance.4090, 6051 

— Resistance.4089, 6050 

Duplex, Bridge.12610 

— Cable. 9012 

— Circuit.12011 

— Differential.12509 

Duration of Heat Run... .2312, 2313, 2314 
Duration of Temperature Test and 

Correction to Time of Shut Down.. 1015 
Duration of Temperature Test of 

Machine for Continuous Service.2312 

Duration of Temperature Test of 
Machine with a Short-Time Rating 2313 
Duration of Temperature Test of Ma¬ 
chine having more than One Rating 2314 


Dust-Proof..7034 

■— -Tight... • • • -7035 

Duty-Cycle, Equivalent Tests.2223 


il' 
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INDEX 


SECTION 

Duty Cycle Machines, Rating of. 2222 

-Operation.2222 

— --Machines for, Commuta¬ 
tion Limitations. 4251 (b) 

Dynamometer.4005 

— Regulation. 4098 


E 


Effective 'Value.3218 

Efficiency.1500 to 1502, 3*514 

— , Conventional.2351 Note, 3524 

— Determination 


.2331 Note. 3524, 4342 Note 

— Direct Measurement of_2333 (o) ( 6 ) 

— Directly Measured.2331 

Lamp. 1102 , 110434 

— Normal Conditions for Test.1500 

— Plant.2332 Note, 3534 

—, Radiation.13046 

— Railway Motors.5337, 5338, 5339 

— Symbol. 3604 

— System. 3534 

•— Temperature of Reference 

.i. 1501, 1502 

—Tests, Normal Conditions for .... 2332 

-Load.2332 (b) 

-^-Power Factor... .2332 (e) 

-- Temperature of Ref¬ 


erence.2332 (d) 

-Wave Shape.2332 (c) 

Efficiencies Recognized.1502, 2331 

Electric Circuit. 33 O 4 

— Controller. 7707 

— Degree.3222 

— Locomotives.5210 

Electromagnetic Wave.13015 

Electromotive Force, Symbols...3604 

Electrostatic Field Intensity, Symbol.3604 

— Flux, Symbol.3604 

-Density, Symbol.3604 

Elevation of Third Rail.. .5003 ( 6 ) 

-, Standard.5603 

Embedded Temperature Detector 

Method of Measuring Temperature 

..Table 100 

Enclosed Machine. .4044 

-Temperature..4319, 4320 

— Ventilated Machine. .4043 

Engine, Internal Combustion or 

Steam, Fluctuation of. 14001 

— -Regulation of.. 14000 

— Type Generator....4027 


-Bearing Friction and Wind- 


age... 4337 (c) 

Equivalent Circuit... .12101 to 12106 

— Periodic Line.12019 

— Phase Difference.3262 

— Sine Wave.3260 

— Smooth Line. 12018 

— Sphere Gap. 7373 

Equivalent Tests, Standard Duration of2223 
Errors of Indicating Instruments_8500 


SECTION 

Exchange, Private.12209 

-Automatic..12210 

-Branch.12208 

-Telephone.12203 

Excitation for Regulation Test.. . .4390 ( 6 ) 

Expiosion-Proof.7036 

-Machine.4051 

Slip-Ring Enclosure, Machine 
with.. 


F 


Factor, Crest.3266 

— Damping.13009 

— Demand. 346 O 

— Deviation, of a Wave.3274, 4351 

— Diversity. 3454 

— Load.. 

— of Assurance.9030 

— Plant. 3442 

— Spherical Reduction.11066 

— Telephone Interference.3278 

-Conditions of Test.4352 (a) 

-Limiting Value.4352 ( 6 ) 

Feeders, Regulation of.15000 

Field Control Motor, Characteristic 

Curve.5403 

— Motors, Rating of.5204 

— Rheostat Loss. 4343 (a) 

— Windings of A-C. Generators, Test 

Voltage.4361 (a) 

-Synchronous Machines, 

Test Voltage.4361 ( 6 ) 

Final Selector.12275 

Finder Switch.12272 

Flame-Proof Machine.. .*.40.51 

Flexible-Cable, Stranding.9402 

Fluctuation of Steam Engines, Steam 
Turbines and Internal Combustion- 

Engines..14001 

Forced Alternating Current.13016 

Form Factor.3270 

Frame, Distributing, Intermediate.. .12222 
-Main. 12221 

— Switch.:.12276 

I^ree.12243 

— Alternating Current.13017 

Frequency.3208, 3228 

— Converter. 4012 

-Regulation...4098 

— Group.13019 

— Impulse.12286 

— Radio.13026 

— of Test Voltage for Cables...9313 

-for Machines.2354, 4358 

— Symbol and Abbreviation.3604 

Friction and Windage, Railway 

Motors...5338, 5339 

— Bearing and Windage Losses, De¬ 

termination of. 4337 

Front Contact Spring.12269 

Full Mechanical Telephone System.. .12201 
Fume-Resisting. 7032 
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SECTION 

Fuse.7015 

— Continuous Current-Carrying 

Capacity of.7202 

G 


Gage of Third Rail.5003 (/) 

-Standard.5602 

Gages for Wires.9200, 9201 

Gap, Arrester with...7372 

Gap Spacing for Air Density, Cor¬ 
rection of.2369 

Gas-Proof.7039 

— Tight.7038 

Gearing, Losses in.5337, 5339 Note 

General Principles.1000 

Generator.4001 

— A-C. Field Windings, Test Volt¬ 

age .4361 (a) 

-Regulation of Tests, Computa¬ 
tions. .4394, 6391 

— D-C., Acyclic.4028 

-Compound Wound.4395 

-Mechanical Limitations.4250 

-Rating.4220 

-Unipolar.4028 

— Double Current.4007 

— Enclosed, Temperatures of.. .4319, 4320 

— Engine Type.4027 

-Bearing Friction and Wind¬ 
age .. • • 4337 (c) 

— Induction.'. f..«.. .4026 

— Regulation of.4094, 4095, 4395 

— Test Voltage.4361 (d) 

— Units, Regulation.14003 

Globe. 11050 


Graded Insulation for Transformers.. .6362 


Gravity, Acceleration Due to. Symbol 
and Abbreviation.3604 


Grounded Parts 


7053 


Grounding of Meters and Instruments.8110 
Ground-Return Circuit.. 12000 


Group Frequency 


13019 


H 


Hi Lead, Location of.6408, 6415 

Half-Set Repeater.12511 

Harmonic Selective Signaling.12231 

— Signaling, Multiple.12232 

— — Non-Multiple.12233 

Heat Run, Duration of.. . .2312, 2313, 2314 

-Measurements of.2315 

Height, Standard, of Trolley Wire.5601 

Hemispherical Ratio..11036 

Hevea Rubber Insulation, Test 

Voltage..9312 (6) (c) 

High-Voltage Tests (See Dielectric 

Strength Tests) 

— Winding. .6020, 6021 

-and Low-Voltage Winding, 

Relation between.6411 

Horse Power in Terms of Kilowatts 

.4222 Note 


SECTION 

Hottest Spot Temperature the Prim¬ 


ary Point of Reference.1013 

— Temperatures, Limiting.1006 


Household Devices, Test Voltage 

.4361 (d), 6361 (c), 16000 

Hydraulic Turbine, Regulation of... 14002 

I 


'T” Equivalent Circuit.12102 

Idle Unit, Ambient Temperature 

from..2300 (c) 

I. E. C. Rating.2224 

Illuminants, Rating and Output 

.11040, 11041 

Illumination.‘. 11007 

— and Photometry..11000 

— Unit of.11012 

Immersion of Cables for Testing 

.9301 (a) (5) 

Impedance, Characteristic.12054 

— Drop, Percent...4091, 6052 

— Mutual.12052 

— Self.12053 

— Sending-End.12055 

— Symbol.3604 

Impregnated Paper Insulation, Test 

Voltage.9312 («) 

Impulse... .-.12282 

Impulse, Break.12284 

— Circuit.12288 

— E. M. F. 13043 

— Frequency. 12285 

— Make. 12283 

— Period.12286 

— Ratio. 12287 

— Repeater, Telephone.12289 

Impulse Springs.-.12266 

Incandescent Lamps, Rating of.11040 

Individual Line.12217 

Induced Voltage, Testing Trans¬ 
formers by.6362 

Inductance, Symbol.3604 

Induction Apparatus, Stationary.6000 

— Generator.4026 

— Machine.4024 

-Losses of...Table 402 

-Stray Load Losses of.4342 (6) 

— Motor.4025 

-Bearing Friction and Wind¬ 
age...4337 (6) 

-Core Loss.4339 (c) 

-with Explosion Proof Slip-Ring 

Enclosure.4052 

-Drop.4089, 4090, 4091 

-Phase Wound, Test Voltage.4361 (c) 

-Rotor, Polyphase, I® R 

Loss.4336 (&) 

— Voltage Regulators.6013 

Inductive Coupler...13020 

— Interference. 12298 

— Load. 3408 

Inductor. 3070 
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INDEX 


Inductor Alternator.4022 

Information on Rating Plate.2401 (a) 

In-Phase Component of Current or 

Voltage,.. . .3254 

Instantaneous Values, Symbols for.3608 

Institute Rating.2204 

Instrument. 8001 

— Current Transformers on Open 

Secondary Circuit.8111 

-Closed Secondary Cir¬ 
cuit.8112 

— Grounding of.8110 

— Indicating, Errors of.8500 

— Period of..8020 

— Rating Limitations of the Circuits 
.8200, 8202 

— Recording.8003 

— Standard Temperature of Refer¬ 

ence for.8201, 8203, 8301 

— Torque of. 8501 

— Transformers. 8030 

-Dielectric Tests of.8312 

— Windings, Temperature Rise of.8203 

Insulating Material, Parts Adjacent 

to.2116 

-not Adjacent to.2116 

-Classification of.1004 

Insulation Graded, Transformers 

with.6363 

— Resistance.2380 

-Dielectric Strength and. 1300 to 1400 

-Expression of.9320 

-of Cables.9031, 9320 to 9323 

-Machines.2381, 2382 

---Significance of.1400 

-Multiple-conductor Cables.9323 

— -Test, Voltage for. 2381 

-Minimum Values.2382 

— Thickness of, for Wires and Cables, .9405 
Insulations of More Than One Class, 

Permissible Temperatures with.2104 

Integrated-Demand-Meter..8007 (6) 

Intensity of Illumination.11006 

-Magnetization, Symbol.3604 

Interconnected Polyphase Windings, 

Voltage Test.2353 (6) 

Interference. 13041 

Intermediate Current Supply.12512 

— Distributing Frame.12222 

• Internal Combustion Engines, Fluc¬ 
tuation of.14000 

-— Regulation of.14001 

Interurban Railways, Standard 

Height of Trolley Wires.6601 

Integrated-Demand-Meter.8007 (b) 

Interphase Connection.6413 

Interrupting Rating.7060 

I® R Loss.4336 (a) 

— — Polyphase Induction Motor- 

Rotors.4336 (b) 


SECTION 

K 

Kilovolt-Ampere Rating.4221, 6221 

Kilowatt Rating.4220, 4222 

Kinds of Rating... 2220 


L 


Lag.3224 

Lagged-Demand Meter.8807 (c) 

Lambert.11013 

Lamp Accessories.11048 

— Characteristic Curve.11061 

— Efficiency.11042, 11043 

— Life Tests. 11046 

— Mean Hemispherical Candle- 

Power.11064 

-Horizontal Candle-Power.11062 

-Spherical Candle-Power.11063 

-Zonal Candle-Power.11066 

Lamp, Performance, Curve.11060 

— Specific Consumption.11046 

— Specific Output, Expression of... . 11043 

— Spherical Reduction Factor.11066 

— Comparison of.11047 

Lay.9033 

Lay, Correction for.9403 

— Direction of.9034 

— of Strands.9034 

Lead.3224 

— Location of Hi...6408, 6418 

— Neutral. .6403 (b) 

Leads, Marking of Full Winding....... 6410 

— Transformer, Marking of.6403 (a) 

— Six Phase, Marking of.6417 

-Numbering of.6405 

--Relation of Order of 

Numbering.6406 

— Tap.6412, 6419 

Life Tests of Lamps. 11046 

Lightning Arresters.7020 

— — Performance and Test.. 7371 to 7374 

-Rating..7206 

Limiting “Hottest Spot” Tempera¬ 
tures . 1005 

— Observable Temperature of 

Oil..1007, 2232, 6202 

-Shunts.8101 

-— and Temperature Rises for 

Transformers Using Class 

A Insulation.6201 

-Rises.1009, 2230 

-Temperatures.1006 

— Value, Telephone Interference 

Factor..4352 (6) 

Limitations, Commutation.4251 

Limitations of Stability.4262 

Limits, Temperature, Exception to 

Method 1.4319 

-2.4320 


-in Special Cases, Comments on. .1012 


Line Characteristics, Telephony and 

Telegraphy...12054 
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SECTION 

Line Circuits, Telephone and Tele¬ 


graph .12000 to 12009 

— Composite.12020 

— Drop Voltmeter Compensator.8006 

— Equivalent Periodic.12019 

-Smooth.12018 

■— Individual.12217 

— Loaded.12021 

— Party.12218 

— Periodic.12017 

• Relay.12258 

— Series Loaded.12022 

— Shunt Loaded.12023 

— Smooth.12016 

— Switch.12273 

Linear' Capacitance.9330 

— Electrical Constants.12015 

— Insulation Resistance.9320 

Load, Anti-Inductive.3406 

— Balanced Polyphase.3414 

— Condensive.3410 

— Connected.3424 

— Efficiency Tests.2332(b) 

— Factor.3434, 3435 

— Inductive.3408 

— Losses...6337 

— Losses, Stray.4342 

— Maximum.3508 

— Non-reactive.3400 

— Reactive.3404 

Loaded Line.12051 

Loading, Coil.12025 

— Continuous.12024 

Loading of Telephone Lines. 12051 to 12054 

— Transformers for Temperature 

Tests.6317 

Loads, Momentary, Continuously 

Rated Machines..... .4251 (a), 4252 

Local Central Office.12207 

— Circuit.12519 

Location of Hi Lead.6415 

Locomotive Speed.5214 

— Continuous Tractive Effort.5213 

— Electric....5210 to 5214 

— for Intermittent Service. 

— Normal Tractive Effort.5212 

— Rating.5210 

— Weight on Drivers.5211 

Logarithmic Decrement.13025 

Loop, Subscriber.12215 

Loss, Brush-Contact .4341 

— J3J?. 4336 

Losses, Auxiliary Apparatus.4343 (c) 

— Axle-Bearing and Gearing... .5337 

Losses, Bearing Friction and Windage4337 

— Brush Friction.4338 

— Classification of.4334 

— Due to Ventilating Blower.4343 (5) 

— Evaluation of .4335 Note 

— Field-Rheostat.4343 (a) 

— Gearing and Axle Bearing.5337 


SECTION 

Losses in Constant Potential Machin¬ 


ery.4335 Note 

— in Field Rheostats.4343 (a) 

— in Machines. 4335 

— in Railway Motors.5337 to 5339 

— in Transformers ..6336, 6337 

— in Ventilating Blower.4343 (6) 

— Indeterminable.Table 402 

— Indeterminate.4342 Note 

— Induction Machines.Table 402 

— Load.6337 

— Miscellaneous.4343 

— No Load.6336 

— Stray Load.4342 

— Synchronous Converter.4336 {c) 

-Machines.Table407 

— Table of.Table 401 

— Transformers.6334 to 6337 

— Ventilating Blower.4343 (6) 

Low-Voltage Release. .7021 

-Protection.7022 

-Winding.6020, 6021 

-and High-Voltage Winding, 

Relation between.6411 

Lumen.11010 

Luminosity.11004 

Luminous Efficiency.11005 

— Flux.11000, 11010 

— Flux, Unit of.11012 

—- Intensity.11016 

— Sources, Comparison of..11047 

Lux.11012 

M 

Machine, Acyclic.4028 

— A-C. Commutating.4017 

— Automobile Propulsion, Ratings.. .5205 

-Temperature Limits.5130 

— Below Floor Line, Measurement of 

the Ambient of..4300 (9) 

— Connected to Permanently 

Grounded Single-Phase Systems 

Test Voltage..4361 (c) 

— Continously Rated, Commutation 

Limitations of.4251 (a) 

— Cooled by Forced Draft, Measure¬ 

ment of the Ambient of.4300 (j) 

— Cooled by Means Other than Air 

or Water.2213 

— Drip-Proof.1048 

— Duty,Cycle, Commutation Limi¬ 

tations.4251 (5) 

-Rating of. 2222 

— Efficiency ... 3514, 3524 

— Enclosed..2332 (6) 

-Ventilated. .4043 

— Explosion-Proof...4051 

— Flame-Proof. 4051 

— for Continuous Service, Duration 

of Temperature Test for.2312 

— for Use on Circuits of 25 Volts on 

Lower, Test Voltage.4361 (5) 
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INDEX 


SECTION 

Machine having more than One Rat¬ 
ing, Duration of Temperature 
Test for.2314 

— Induction.4023 

--Stray Load Losses.4342 (&) 

— Losses to be Considered in.4335 

— Metallic Parts, Temperatures of. .2116 

— Rotating Electric Losses in..Table 402 

— Not Cooled by Air or Water.2213 

— Open.4041 

— Partly below Floor Line, Ambient 

Temperature.4300 (&) 

— Protected...4042 

— Rating.3508 

— — Principle of.1600 

— Ringing.12228 

— Rotating Electric Losses in... Table 402 

— Self-Ventilated.4046 

— Semi-Enclosed.4043 

Separately Ventilated.4045 

— Substation, Railway, Nominal 

Rating. 5201 

— -Temperature Limits.6120 

— Synchronous.4019 

-Commutating.4018 

-Core Loss.4339 (&) 

-Field Windings, Test Volt¬ 
age..4361 if) 

-Stray Load-Losses.4342 (a) 

— Totally Enclosed.4044 

— Unipolar.4028 

— Water-Cooled.4047 

— with Explosion-Proof Slip-Ring 

Enclosure#. 4052 

— with a Short-Time Rating, Dura¬ 

tion of Temperature Test of... 2313 

— with Small Ventilating Apertures. .4316 

Machines, D-C. Commutating.4016 

Machinery, Auxiliary, Rating.4223 

— Cooled by Ventilating Air from 

Distance.2300 Note 

— for High Ambient Temperatures 2331 (d) 

— Rotating Electric, Classification.. 4000 

— Outdoor, Exposed to Sun’s Rays. .2214 

—- Water-Cooled, Ambient Tempera¬ 
ture of Reference for.2212 

Magnet Brake. .7052 

Magnetic Contactors, Heat Tests.7302 

— — Temperature Limits.. .7102 

— Degree. 4092 

— Field Intensity, Symbols and Ab¬ 

breviations . 3604 

— Flux, Symbols.3604 

-Density, Symbols.3604 

Magneto Voltage Regulator. 6014 

Magnetomotive Force, Symbol.3604 

Main Circuit...12518 

— Contact Spring. 12263 

— Distributing Frame.12221 

Make-Before-Break Contact Springsl2267 

— Impulse...12283 

Manual Ringing.12227 


SECTION 

Manual Telephone System.12200 

Margin, Current.12515 

— Percentage.12517 

— Ratio.12516 

Marked Ratio of Instrument Trans¬ 
formers .8034 

Marking of Full Winding Leads.6410 

— of Leads.6403 

— of Switchboard Shunts.8503 

Mass Resistivity.9050, 9202 

— Symbol and Abbreviation. 3604 

Master-Switch.7002 

Materials, Classification of Insulating. 1004 
Maximum Demand.3458 

— Equivalent Line.5003 (6) 

— Load.3508 

— Temperature, Wires or Cables.9100 

-Temperature Rise in Service. .4110 

— Values,Symbols for.3608 

Mean Hemispherical Candle-power.. 11064 

— Horizontal Candle-power.11060 

— Spherical Candle-power.".11063 

— Temperature.2300 (ft) 

— Zonal Candle-power.11065 

Measurement of Ambient Tempera¬ 
ture.2300 

— Temperature during Heat Run.... 2315 

-Method Used for Stators.4321 

— ,Method to Be Employed.1011 

Mechanical Degree.4092 

— Equivalent of Light.11003 

— Limitations.4250 

— Power, Where Measured.2333 (c) 

Megohms.9320 

— Constant.9321 

Messenger Cross-Span Systems.... 5007 (c) 

— Suspension.5006 (c) 

— Wire or Cable...5005 

Metallic Circuit.11001 

— Parts of Machines, Temperature of .2116 

Meter..8000 

Demand.8007 (o) 

— Dielectric Tests.8312 

— Grounding of.8110 

— Power-Factor.8002 

— Rating Limitations of the Cir¬ 

cuits..8200, 8202 

— Reactive-Factor.8002 

— Standard Temperature of Refer¬ 

ence for.8201, 8203, 8301 

— Torque of.8501 

— Watthour.. 8002 

— Windings, Temperature Rise of_8203 

Method of Measurement to Be Em¬ 
ployed.1011 

— of Temperature Measurement Used 

for Stators of Machines.4321 

Methods of Measurement of Regula¬ 
tion.4394 

— of Temperature Measurement 1001, 1002 

-Conventional Allow¬ 
ances for. 1003 
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SECTION 

Microfarads, Constant.9331 

Microphone.12301 

Mil, Circular.9032 

Millilambert.11013 

Milliphot.11012 

Minimum Values of Insulation Re¬ 
sistance.2382 

Moisture Resisting.7039 

Momentary Loads, Continuously 

Rated Machines.4252, 5251 (d) 

Motor.4002 

— Adjustable Speed.4037 

-Varying Speed.4039 

— Automobile, Brush Contact Loss.. 5341 

—• -Booster.40(33 

— Capacity, Comparing with Service 

Requirements.5502 

— Change-Speed.4036 

— Compensated Commutator.4070 

— Conduction Commutator.4071 

— Constant Field Commutator.4067 

— Constant Speed.4035 

-Regulation of..4097 

— -Converter.4011 

— Enclosed, Temperature of. .4319, 4320 

•— Field Control, Rating of.5204 

— -Generator Set.4004 

— -Generator, Regulation.4098 

— Induction.4025 

-Bearing Friction and Wind¬ 
age.4337 (6) 

-Core Loss.4339 (c) 

— Phase-Wound Rotors, Test 

Voltage.4361 (c) 

— Mechanical Limitations.4250 

— Multispeed.4036 

— Neutralized Commutator.. ,4069 

— Polyphase Commutator.4062 

— Railway, Armature Bearing Fric¬ 

tion.5338, 5339 

-Brush Friction.5338, 5339 

-Continuous Rating.5203 

-Core Loss.5339 

-Characteristic Curve.,.5401 to 5403 

-Efficiency.5338, 5339 

-Losses in......5337, 5338, 5339 

-Nominal Rating..5202 

-Rating of.5202, 5203 

-Selection of.5501 

-Service Capacity.5502 

-Stand Test Temperature 

Rise.Table 802 

-Windage Losses.5338, 5339 

— Rating.4222, 5203 

— Repulsion Commutator.4074 

— Rotor-Excited Commutator.4065 

— Single-Phase Commutator.4061 

—■ Small, and Generators, Test Volt¬ 
age.4361 (d) 

— Speed Regulator...4097 

— Stalling Torque of.4250 (c) 

— Stator-Excited, Commutator.4064 


SECTION 

Motor Stator- and Rotor-Excited 


Commutator. 4066 

— Synchronous.4023 

— Transformer-Conduction Commu¬ 

tator.4073 

-Commutator.4072 

— Varying Field Commutator.4073 

-Speed.4039 

M otorstarter.7008 

— Automatic.7009 

— Auto-transformer.7010 

Motor-Vehicle Ratings.5105. 5205 

Motors, A-C., Commutating, Classi¬ 
fication.4017, 4061 to 4071 

Multidirectional Illumination.11031 

Multiple Cable.12281 

-Conductor Cable.9010, 9011 

-.Capacitance.9334 

-- Immersion for Test.9301 (5) 

-- Insulation Resistance.. . .9323 

-Cables, Tests.9315 

— Harmonic Signaling.12232 

Multiplex Circuit.12014 

Multi-Speed Motors.4036 

Mutual Impedance.12052 

— Inductance, Symbol.3604 

N 

N-Conductor Cable.9010 

-: Concentric Cable.. .9011 

Needle-Gap Spark-Over Voltages.2365 

Negative Side.12219 

— Wire.12219 

Neutral Lead.6403 (5) 

— Relay.12503 

Neutralized Commutator Motor.4069 

No-Load Losses... .... .6336 

Nomenclature, General.8002 

Nominal Rating.6236 

-, Railway Motors.5202 

-Substation Machines.6201 

— Tractive Effort.5212 

Non-Multiple Harmonic Signaling.. .12233 

1 — -Phantomed Circuit.. 12006 

-Polar Relay.12502 

— -reactive Load.3406 

Notation.3604 

Number of Conductors or Turns, 

Symbol.. 3604 

Numbering of Leads, Order of.6405 

— -Relation of Order of.6406 

o 

“0” Equivalent Circuit.12106 

Observable Temperatures, Limiting.. .1006 

--of Oil, Limiting.1007, 2232 

-— Rise the Working Standard... .1014 

-- Rises, Limiting.1009, 2230 

Office, Central...12205 

— Local Central. 12207 

— Toll Central. 12206 

"Oil" as a Prefix.......7031 
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INDEX 


SECTION 

Oil Cup.2301 

— -ImmeYsed Transformers. Temper¬ 

ature Measurement.6320 (c) 

— Limiting Observable Temperature 

of.1007, 2232 

Open Machine.d041 

Operating Room.12216 

Operation, Duty-Cycle.2222 

— Parallel.6409, 6414 

Oscillating Current.3120 

Other Approved Standards.Page v 

Outdoor Machinery Exposed to Sun's 

Rays. 2214 

Output, Available.1600 (b), 2202, 3504 

— Specific of Electric Lamps.11043 

— of Illuminants.11040 

— Rated.3508 

Over-Speeds.4250 (a), (6) 

Overhead Construction.5006 (a) 

— Contact Rail.5003 (b) 

P 

Pads for Thermometers_2320. 6320 (d) 

Pair, Twisted.9016 

Paired Cables.9333 

Paper, Impregnated, Working Tem¬ 
perature.9100, 9202, 6409 

Parallel Operation.6414 

Parts, Conducting.7050 

— Grounded..7053 

— of Machines, Temperatures 

of.2116, 4109 

Party Called..12239 

— Calling. 12238 

— Line.12218 

Pay Station.12213 

Peak Factor.3266 

— Power.3434 

Per Gent Impedance Drop.4091 

-Reactance Drop.4090 

-Resistance Drop.4089 

Percentage Margin.12517 

— Saturation..4086 

Performance Curve, Lamp.11060 

Period.3206 

— Impulse.12286 

— of an Instrument..8020 

Periodic Line.12017 

Permeability, Symbol.......3604 

Permissible Temperatures with Insu¬ 
lation of More Than One Class 2104 

Phantom Circuit.12004 

Phantomed Cable...12009 

Phantoplex Circuit.12513 

Phase.......3222, 3228 

— Advancer. 4014, 4016 

— Angle Defect. 13042 

— Converter... .4013 

— Difference..3224 

-— Equivalent..3262 

— Displacement, Symbols..3604 

— Failure Protection...7023 


SECTION 

Phase Modifier.4014 

— Reversal Protection.7024 

— Single.3324 

— Six.3330 

— Three.3320 

— Wound Rotors, Dielectric Tests... .4361 

Phot.11012 

Photometric Units and Abbrevia¬ 
tions.11067 

JJ Equivalent Circuit.12105 

Plant Efficiency.2332 Note, 3524 

— Factor.3442 

Plate, Rating. 2401 

Points of Application of Voltage for 

Test. 2353 

Polar Relay.12251. 12501 

Polarity.6407 

Pole Tips, Temperature of.2116, 4109 

Polyphase Alternator.4021 

— Circuit.3332 

— Commutator Motor.4062 

— Induction-Motor Rotor, R 

Loss.4336 (6) 

— System, Balanced..3352 

-Symmetrical.3344 

Positive Side.12220 

— Wire.12220 

Potential Difference, Symbols.3604 

— Transformer.8030 

Power.3234 

Power, Apparent...3238 

— Consumption of Auxiliary De¬ 

vices.11044 

— Factor.3242 

-and Regulation.4390 (a) 

-— Efficiency Tests.2332 (e) 

-Meter.8002 

— in A-C. Circuits.3234 

— Peak.3434 

— Symbols. 3604 

Preface to 1921 Edition...Page ii 

Primary Winding.6020, 6021 

Prime Movers, Fluctuation of.14001 

-Pulsation in.14011 

-Regulation of.14000 

-Variation in.14010 

Principles, General.1000 

Private Automatic Exchange.12210 

— Branch Exchange.12208 

— Exchange.. .12209 

Propagation Constant.12056 

Protected Machine.. 4042 

Protection against Short Circuit.2120 

of Thermometers... .2320, 6320 (d) 

— Third Rail..5003 (h) 

Protective Reactor.3078, 7019 

-Rating.6204 

Pulsating Current. .3108 

-Ringing.... 12230 

Pulsation in Prime Mover..14011 

Purpose of the A. I. E. E. Standards. Page ii 
Putty for Thermometers.2320, 6320 (d) 
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. Q 

SECTION 

Quadded Cable... 

...12009 

Quadrature Component of Current or 

Voltage. 

....3256 

Quadruplex Circuit. 

...12013 

Quantity of Electricity, Symbols. 

.3604 

Quarter-Phase Circuit. 

....3328 

Quick Acting Relay. 

...12254 

— Operating Relay. 

. . .12252 

— Release Relay. 

. ..12253 


R 


Radiant Flux. 11000 

Radiation Efficiency.13046 

Radiation, Sustained_i.13029 

Radio Frequencies.13026 

— Frequency Selectivity.13049 

Rail, Contact.5003 (a) 

-Center.6003 (d) 

-Overhead.5003 (b) 

— Center Contact.5003 (d) 

— Overhead Contact.5003 (b) 

— Third.5003 (c) 

-Elevation of...6003 (g) 

-Gage of. 5003 (/) 

-Protection.5003 (h) 

-Standard Elevation of.5603 

-Gage of.6602 

— Underground Contact.5003 (e) 


Railway Motor.. .5101 Note, 6202 to 5204, 

.5401 to 5403, 5337 to 5339 

-Armature Bearing Loss... 5338, 5339 

-Capacity and Requirements 

of... .3078, 5502 Note, 6015, 7019 

-Characteristic Curves. .6401 to 5403 

-Voltage Curve.5402 

- Continuous Rating of..6203 

-Bearing Friction and Windage.5337 

-Brush Friction.5338, 5339 

-Continuous Rating.5203 

-Core Loss.5339 

-Efficiency and Losses of 

.5337, 5338, 6339 

-Field Control, Rating of.5204 

-Friction and Windage... .5338, 5339 

-in Continuous Service, Temp¬ 
erature Limits.5101 

-Losses.5337, 5338, 6339 

-Nominal Rating.5202 

-Selection of. .6501, 5502 

-Stand Tests of...6502 

-Temperature Limitations of_5101 

— — Temperature Rise in Continu¬ 
ous Service Compared to 

Stand Test.5502 

-Windage Losses.5338, 5339 

-Temperature Limits, in Contin¬ 
uous Service.6101 

“ Substation Machines and Trans¬ 
formers, Nominal 
Rating of.6201 


SECTION 

Railway Substation Machines and 
Transformer, Temperature Limits 

of. 5120 

Rated Current of Constant-Potential 

Transformer.6031, 6032 

— Output.3508 

— Primary Voltage of Constant-Po¬ 

tential Transformer....6032 

Rating.1600, 3508 

— Alternators.4221 

— A. 1. E. E.2224 

— Automobile Propulsion Machines. .6205 

— Auxiliary Machinery.4223 

— Circuit Breakers.7201 

— Continuous...2220 

-Implied.2225 

-Railway Motors.5203 

— D-C. Generators.4220 

— Duty Cycle Machines_2222, 4251 (5) 

— Electrical Machines.3508 

— Expression of.2202 

-in Kilovolt-Amperes. 4221, 6221 

-Kilowatts.4220, 4222 

— Field Control Railway Motors.5204 

— Fuses.7016 

— Incandescent Lamps.11040 

— Institute.2204 

— 1. E. C..2224 

— Interrupting.7060 

— Lightning Arresters.7205 

— Limitation of Circuits of Meters 

and Instruments.8202 

— Locomotives.5210 

— Meter.8200 

— Motors.4222 

-Expression of, in Kilowatts.... .4222 

— Nominal. 6236 

-of Railway Motors.5202 

-Substation Machines 

and Transformers.5201 

— Plate, Distinctive Marking. ., .2401 (c) 

-Marking.2401 

-for Various Ratings.2401 (c) 

-Marking, Principle of.1600 (a) 

-Significance of Marking.2401 (c) 

— Protective Reactors.6204 

— Short-Time.2221 

-Railway Motors... 6202 

-Standard... 2223 

— Stationary Induction Apparatus 

(Other Than Transformers)...... 6223 

— Switches. 7201 

— Transformers.6221 

Ratio, Current.6035, 8033 

— Impulse.12287 

— Marked.8034 

— of Transformer. 6033 

~ Voltage.6034, 8032 

— Volt-Ampere.. 6036 

Reactance, Coils.... .3078, 6016 

—- Drop, Per Cent...4090, 6051 

— Symbols. 3604 

































































































1736 


INDEX 


SECTION 

Reactive Component. .3256 

•— Factor...3250 

•— — Meter.8002 

— Load. 3404 

Voltamperes..3246 

Reactor.... .3078, 6015 

— Protective.7019 

—■ Protective, Rating of. .6204 

-Test Voltage.6361 (g) 

Receiver, Telephone...12300 

Recording Instruments. 8003 

Redirecting Surfaces and Media.11021 

Reduction Factor, Spherical.11066 

Reference, Primary Poiat of, Hottest 

Spot, the.*.1013 

Reflection Factor.11023 

Reflector.11048 

Regulation.2390 (c), 3535, 4094 

— A-C. Generators.4394 

Regulation and Excitation.4390 (5) 

— Frequency.2390 (a) 6390 (o) 

-Power Factor.4390 (a) 6390 (&) 

-Wave Form.2390 (6) 

— Computation and Tests.6391 

— Conditions for Tests of.12390, 4390 

Constant-Current Machines.4096 

-Potential A-C. Generators. -4095 

-Transformers.6053 

-Speed Motors.4097 

— Converters, Dynamometers, Mo¬ 

tor-Generators and Frequency 
Converters.4098 

— D-C. Generators.3094, 4095 

— Excitation.4390 (6) 

— Generator Unit.14003 

— Hydraulic Turbine.14002 

— Methods of Measurement... .4394 

— Steam Engines, Turbines, and 

Internal Combustion Engines... 14000 

— Temperature.2390 (c) 

— Tests.2390 (a), 6390 (a) 

— Transformers... 6391 {a) (6) 

— Transmission Lines, Feeders, etc.. 15000 

Regulator, Contact Voltage...6012 

— Induction Voltage...6013 

— Magneto Voltage.6014 

— Voltage.6011 

Relative Weighing of Components.4352 

Relay.......7016, 12250 

— Coil Sect! on.12260 

— Cut-Oft. 12259 

— DielectricTests.7323 

— Heat Tests.7301 

— Line.... 12258 

— Neutral.....12503 

— Non-Polar.12.502 

— Polar....12251 

— Quick Acting.12254 

-Operating.12252 

-Release.'... .12253 

Slow Acting.'..12257 

— -Operating.. .... 12255 


SECTION 

Relay Slow Release.12256 

— Temperature Limits....7101 

"Release, To"....12245 

Reluctance, Symbol.3604 

Repeater, Direct Point.12505 

— Half-Set.12511 

— Telephone.12294 

— •— Impulse.....12289 

Repeating Coil.12304 

Repulsion Commutator Motor.4074 

Resistance, Coefficient of Standard 

Annealed Copper.9050 

Resistance Drop, Per Cent.4089, 6050 

— Insulation, and Dielectric 

Strength. 1300 to 1400 

— Insulation, Expression of. Wires 

and Cables...9320 

-of Conductor...9031 

-of Machines.2381, 2382 

— Lightning Arresters.7371 

— Method of Measuring Tempera¬ 

ture.2322, 6320 (e) 

— Standard Annealed Copper.9050 (6) («) 

— Symbols.3604 

Resistivity.3020 

— Symbol and Abbreviation.3604 

Resistor.3064, 7018 

— Cast Grid.7106 

Resonance.13027 

— Curve.13028 

— Device, Acoustic.13000 

Retardation Coil. 12306 

Reverting Call. 12240 

Rheostat.3064, 7018, 7106 

— Field, Losses.4343 (a) 

Ring Side. 12219 

— Wire.'..12219 

Ringing, Machine.12228 

— Manual.12227 

Rises, Limiting Observable Tempera¬ 
ture.1009‘ 

Room, Operating.12225 

Root-Mean-Square.3218 

— --Values. 3608 

Rope-Lay Cable.9009 

Rotary Phase-Converter. .4013 

Rotating Machinery, Electric, Classi¬ 
fication. ..4000 

— Machines, Forced Draft, Ambient 

. Temperature.4300 (a) 

— Machines, Losses in...Table 402 

Rotor-Excited Commutator Motor.., .4068 
Rotor Phase-Wound, of Induction 

Motor, Test Voltage... .4361 (c) 

— Polyphase Induction-Motor, I^R 

Loss. 4336 (6) 

Round Conductor. .9018 

Rubber Insulated Wires and Cables, 

Thickness of Insulation.9405 

Rubber, Insulation, Hevea, Test Volt¬ 
age.....9312 (c) id) 


-N. E. Code. Test Voltage. .9312 (&) 
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SECTION 

S 


Saturation Factor.4085 

— Percentage.4086 

Scattering Surfaces and Media.11022 

Scope of Rules for Transformer Con¬ 
nections.6402 

— of the 1921 Revision.Page iv 

Secondary Burden.8031 

Winding.6020, 6021 

Section of Switches.12277 

— Relay Coil.12260 

— Switchboard. 12224 

Sector Cable...9017 

Selectivity.13047 

— Average. 13048 

— Directional.13045 

— Radio-Frequency. 13049 

Selector.12504 

— Final.12275 

— Switch. 12274 

Self-Impedance.12053 

— Ventilated Machine.4046 

Semi-Automatic Telephone System.. 12202 

— -Enclosed Machine. .4043 

-Mechanical Telephone System... 12202 

Sending-End Impedance.2055 

Separately Ventilated Machine.4045 

Series Field Coils, Dielectric Tests.4361 (6) 

— Loaded Line.4090, 6051 

— Transformer.8030 

“Set Up, To”.12236 

Shade.11049 

Short Circuit, Protection against... .2120 
-Stresses.2120 

— Time Rating.2221 

-Standard Periods.2223 

-Tests, Conditions for.2223 Note 

Shunt, Temperature Limits.8101 

— — Rise.:.8204 

-Loaded Line.12023 

— Switchboard, Marking of.8503 

Shut-Down, Correction to Time of.2316 

-Duration of Tem¬ 
perature Test and.1015 

Side Circuit. 12005 

— Negative.12220 

— Positive.12220 

■— Ring.12219 

— Tip.12219 

Signal, Alarm. 12293 

— Tell-Tale.12291 

— Supervisory.12290 

Signaling, Automatic...12270 

— Harmonic Selective.12231 

— Multiple Harmonic.12232 

— Non-Multiple Harmonic.12233 

Simple Alternating Current.3214 

— Cross-Span Systems.5007 (6) 

Simplex Circuit..12010 

Simplexed Circuit. 12007 

Sine Wave.* • • .3212 


SECTION 

Sine Wave as Standardl200, 2332 (c), 2340 


-Deviation from.4351 

Single-Phase Circuit.3324 

-Commutator Motof.4061 

Sinusoidal Current.3214 

Six-Phase Circuit.3320 

-Leads, Marking.6417 

-Windings and Three Phase 

Windings, Relation between.6418 

Sleet-Proof.7043 

Slip Rings, Temperatures of.. .2116, 4106 

Slow Acting Relay..12287 

— Operating Relay.12265 

— Release Relay.12256 

Smooth Line.12016 

Sources, Luminous.11047 

Spark Condenser.12514 

Spark- Frequency.13010 

' Gap with Machines of High Capac¬ 
itance. 2361 

— Gap with Machines of Low Capac¬ 

itance. 2360 

— Gap Measurements.2359, 2363 (a) 

-Needle.2364 

-Range of Voltage.2363 (6) 

-Sphere.2366 

— Gaps in Dielectric Tests, Use of. . .2359 

Sparking Distance, Needle Gap.2365 

-Sphere Gap.2368 

Special Cases, Temperature Limits in. 1012 

— Temperature Limits.1007, 2232 

— and Specific Cases, General Com¬ 

ments on. 1010 

Specific Consumption.11045 

— Output of Lamps.11043 

Speed, Rated, of Electric Locomotives 5214 

— Regulation of Machines.3535 

--Test.2390 

Speeds, Above Rated.4250 (a) (b) 

Sphere Gap, Conditions for Test.2371 Note 
-Correction Factor for Air 

Density.2369, 2370 

~ Spark Gap.2366 

Spherical Reduction Factor.11066 

Spherometer.2367 

Splash-Proof.7040 

Split Conductor..9019 

Spring, Armature..12264 

— Back Contact.12268 

— Contact.... ■ •. .12262 

— Front Contact. ..12269 

— Impulse... 12266■ 

— Make-Before-Break Contact 

(M. B. B.). 12267 

— Main Contact..12263 

— Plunger.12266 

— Tension. 12261 


Squirrel-Cage Windings, Temper¬ 


ature.2116, 4105 

Stability, Limitations of.4252 

Stalling Torque of Motors..4250 (c) 
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Stand Test Temperatures, Railway- 

Motors. ....Table 802 

Standard, Annealed Copper,.'.9050 

Standard Cable.12059 

— Duration of Equivalent Tests.... 2223 

— Resonance Curve.13028 

— Temperature for Institute Rating.. 2205 

— Test Voltage.2356, 6356 

-^ Apparatus Rated at 600 

Volts or less.7323 (a) 

-Voltage, Apparatus Rated 

Above 600 volts.7323 (6) 

-Auto-Transformers for 

Motor Starters.7323 (c) 

Standard, Working, Observable Tem¬ 
perature Rise the.1014 

Standards, Other Approved.Page v 

Star Connection, Transformers in, 

Test Voltage.6360 

Station, Pay. 12213 

— Subscriber.12212 

— Toll. 12214 

Stationary Induction Apparatus.... 6000 
-^ Other Than Transformers, 

Rating.6223 

Stator-Excited Commutator Motor. .4065 
Stators of Machines, Method of Tem¬ 
perature Measurement.4321 

Steam Engines, Fluctuation of.14001 

-Regulation of.14000 

— Turbines, Fluctuation of.14001 

-Regulation of..14000 

Storage Batteries.Page 105 

Strand.9003 

— Concentric.9007 

Stranded Conductor.9002 

— Wire..9005 

Stranding, Apparatus Cable.9402 

— Bunched.9402 

— Flexible.9402 

— Rope.9402 

— Rope-Lay, Symbol for.9402 

— Standard.9400, 9401 

Stray Load Losses.4335 Note 

-Induction Machines.4342 (b) 

-Synchronous Machines.4342 (a) 

Street, Railways, Standard Height of 

Trolley Wires.5601 

Submersible.7041 

Subscriber Line.12215 

-Circuit.12216 

— Set (“Subset’').12211 

— Station (“Substation”).12212 

Substation. 5032 

— Machines and Transformers, Rail¬ 

way, Nominal Rating.5201 

— Machines and Transformers, Rail¬ 

way, Temperature Limits of... .5120 

Superposed Circuit..12003 

Superimposed Ringing Current.12229 

Supervisory Signal.12290 


SECTION 

Supporting System for Trolley 

Wires.5007 (a) 

Switch.7001 

— Automatic.12271 

— Auxiliary.7004 

— Connector.12275 

— Control. 7003 

— Dielectric Tests.6361 (g), 8311 

— Finder.12272 

— Frame.12276 

— Heat Tests.7301 

— Line.12273 

— Master.7002 

— Rating.4201, 7201 

— Selector.12274 

— Temperature Limits. .7101 

~ Tests of.7323 

Surges, Continuous.7373 

Susceptance, Symbol.3604 

Susceptibility.3604 

Suspension, Catenary, for Trolley.5006 (c) 

— Direct for Trolley.5006 (b) 

— Messenger for Trolley.5006 (c) 

Sustained Radiation...13029 

Switchboard.12223 

— Section.12224 

Switching and Control Apparatus.7000 

-Phase-Failure Protec¬ 
tion.7023 

-Phase-Reversal Protec¬ 
tion. 7024 

-Under-Voltage Protec¬ 
tion. .7022 

-Under-Voltage Release.7021 

Switches, Section of.12277 

Switchroom.... 12278 

Symbols and Abbreviations.3604 

— for Maximum, Instantaneous and 

R. M. S. Values..3608 

— Photometric.11067 

Symmetrical Polyphase System.3348 

•— Voltages and Currents.3344 

Synchronism Indicator. 8005 

Synchronoscope. 8005 

Synchronous Commutating Machines.4018 

— Condenser.4015 

— Converter. 4010 

-j2jf? Loss.4336 (c) 

— Machine.4019 

— Machine, Core Losses.4339 (b) 

-Stray Load Losses.4312 (a) 

— Motor. 4023 

— Phase Advancer.4015 

— System. .1.12503 

Synchroscope.8005 

System, Bracket.5007 (d) 

— Bridge.. 5007 (e) 

— Cross-Span Messenger.5007 (c) 

-Simple.5007 (6) 

— Distribution.5031 

— Efficiency.2332 Note, 353"^ 

— Messenger Cross-Span.5007 (d) 
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System Simple Cross-Span.6007 (6) 

— Supporting, for Trolley Wires. .6007 (fl) 

— Synchronous.12508 

— Telephone, Automatic.12201 

— — Manual.12200 

—- — Semi-Automatic.12202 

---Mechanical.12202 

— Transmission. 5030 

T 

**T” Equivalent Circuit.12103 

Table of Contents.Page vii 

Tables of Copper Wire.9203 

Tap Leads.6412, 6419 

Telegraph Cables, Test Voltage... .9312 (/) 
Telephone Cables, Test Voltage.. 9312 (f) 

— Exchange.•.12203 

-Area or District.12204 

— Impulse Repeater.12289 

— Interference Factor.3278, 4352 

— Receiver.12300 

— Repeater.12294 

— System, Automatic.12201 

-Manual.12200 

-Semi-Automatic.12202 

-Mechanical.12202 

— Traffic. 12241 

— Transmitter.12302 

Tell-Tale Signal.12291 

Temperature, Ambient.3000 

— — by Idle Unit.2300 (c) 

-for Testing...2310 

— Forced Draft Machines.. .4300 (a) 

— — Measurement of....2300 (a) (b) 

-Meters. 8201 

-- Shunts. 8201 

— Coefficient of Copper.2321 


-of Standard Annealed Cop¬ 
per.9050 id) 

— Correction for Air-Blast Trans¬ 
formers.03^1 

__ for Cooling after Shut 


Down.. (c) 

— Detectors, Location of.2323 

— Limiting “Hottest-Spot".1005 

—^ — Observable.1006 

-of Oil.1007 

-— of Shunts.8101 


r—Limits, Enclosed Machines.4319, 4320 

— — for Low Ambients.4110 

— in Special Cases, Comments on. 1012 

—- Maximum, of Wires or Cables... .9100 

— Measurement of Low Resistance 


Circuit.2322 

— Measurements, Methods of. .1001, 1002 

— — during Heat Run.2315 

— Measurement, Embedded De¬ 

tector Method.2323, 4321 


__ — Resistance Method.. 2322, 6320 ic) 

_ — Method of, for Transformers,. .6320 

-Thermometer Method 

.2231 (b). Table 100 


SECTION 

Temperature of Contactors.7102 

-Parts other than Windings 

.2116, 4105 (d), 4106, 4107, 4108 

-Reference for Efficiency 

.1501. 1502, 2332 id) 

-Reference for Meter and In¬ 
strument Characteristics.8301 

— of Transformer Winding.... 6320 (c) (c) 

— Rise and Ultimate Temperature of 

Shunts ..8101 ia) (6), 8204 

-for Any Ambient Temper¬ 
ature .2310, 8300 

-Limiting Observable, for 

Cotton, ^ilk. Paper, etc. 
when not Treated, Impreg¬ 
nated nor Immersed in Oil 

.2231 (a) 

-Limiting Observable where 

Thermometers are Applied 
Directly to Bare Wind¬ 
ings.2231 (6) 

_Limiting Observable for Com¬ 
mutators, Collector Rings, 

etc.2231 iO 

-Limiting Observable for High 

Ambients. 2231 id) 

-Maximum, in Service.4110 

-Meter and Instrument Wind¬ 
ings.®203 

-Observable, the Working 

Standard. 1914 

-Stand Test, of Railway Motors, 

.Table 502 

_Shunts’.*.V..’.8204, 8300 

_ — with Ambient Less than Stand¬ 
ard.2211, 2212 

— Rises, Limiting Observable 

.1009, 2230, Table 200 

— Symbols and Abbreviation.3604 

— Test, Duration of.-.2312, 2313, 2314 

---and Correction to Time 

of Shut Down.1916 

— Tests of Transformers.6317 

Temperatures and Temperature Rises 

Permissible.1005 Note 2 

— of Metallic Parts of Machines 

. 2116, 1007 

— of Oil, Limiting Observable... 2232, 6202 

— Permissible, in Mixed Insulations 

..1005, 2104 (b) 

— Permissible, with Insulations of 

More Than One Class.2104 

Tension Spring.12261 

Test Voltage, Apparatus Rated above 

600 Volts.7323 (6) 

— — Apparatus Rated at 600 Volts 

or Lower...7323 (a) 

-Auto-transformers for Motor 

Starter...7323 (c) 

-Annunciator Wires and Cables 

.9312 if) 

-Cables.9311 
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Test Voltage Conditions for 2350, 2351,2352 

-Distributing Transformers.6361 

-Duration of Application of.2355 

— — for Machines.1301 

-Exceptions to Standard.4361 

— — Frequency and Wave Form 

.2354, 4358 

— — Hevea Rubber Insulation 

.9312 (c) (d) 

—- — Instrument Current Trans¬ 
formers.8311 

--Potential Transformers.8310 

— — Measurement of^.2359, 2368 

— — Meters and Instruments.8312 

-Rubber Insulation.9312 (&) 

— Standard ..2356, 6356 

-Values of, and Exceptions 

.2356.6363,8312 

-Telegraph and Telephone 

Cables.9312 (6) 

-Varnished Cambric and Im¬ 
pregnated Paper.9312 (e) 

-Wires and Cables.9312, 9313 

Testing of Cables, Immersion in 

Water.9301 (a) (6) 

Thermal Capacity.5502 Note 

Thermometer, Covering of.. .2320, 6320 (d) 
Thermometer Method of Measuring 

Temperature.Table 100, 2231 (5) 

— Pads and Putty.2320, 6320 (d) 

Thickness of Insulation for Rubber 

Insulated Wires and Cables. 9405 

Third Rail. 5003 (c) 

-Elevation of.5003 (g) 

-Gage of. .5003 (/) 

-Protection.5003 (ft) 

-Standard Elevation of.5603 (a) 

Gage of.5602 

Three-Phase Circuit.3326 

-Transformers, Marking Leads 

of. 6410 

-Transformers, Rules Applicable 

to..... 6416 

-Winding and Six Phase, Rela¬ 
tion between.... 6418 

Time Lag, Error due to...2301 

Tip Side, or Tip Wire.12219 

“To Cair*..12234 

“To Clear"....12246 

“To Dial”- 12235 

“To Disconnect”.....12245 

“To Make Busy”.... 12244 

“To Release". 12245 

“To Set Up”..... ,.12236 

Toll Central OflSce.12206 

— Station... 12214 

Totally Enclosed Machine.4044 

Torque of Meters and Instruments_8501 

Stalling, of Motors..4250 (c) 

Tractive Effort, Continuous .. .5213 

— — Nominal... .5212 

Traffic, Telephone...12241 


Transformer.6001 

— Air-Blast, Temperature Measure¬ 

ment.6320 (6) 

—“ A-C. Connected to Permanently 
Grounded Single-Phase Systems, 

Test Voltage. .6320 («) 

— Angular Displacement.6412 (5) 

-between.6411 (b) 6418 (5) 

— Coefficient of Coupling.12302 

— Commutator Motor.4072 

— Conduction Commutator Motor... 4073 

— Connections. 6402 

— Constant-Potential, Rated Current.6031 

-- Primary Current.6031 

-Regulation of.6053 

— Current Ratio.6035, 8033 

— Diagrammatic Sketch of Connec¬ 

tions.6404 

— Distributing Test Voltages.6361 (o) 

— Expression of Rating.4221, 6221 

— Graded Insulation.6363 

— High-Voltage Winding.6020, 6021 

— Instrument... .8030 

-on Closed Secondary Circuit_8112 

-Open Secondary Circuit.8111 

— Low-Voltage Winding.6020, 6021 

— Load Losses.6337 

— Loading for Temperature Tests... .6317 

— Losses of. .6334, 6335 

— Marked Ratio.8034 

— Marking of Leads.6403 to 6419 

— Method of Temperature Measure¬ 

ment.6320 

— No-Load Losses.6336 

— Oil Immersed, Temperature Meas¬ 

urement... .6320 (c) 

— On Circuits of 25 Volts or Lower, 

Test Voltage.6361 (d) 

— On Star Connected Three-Phase 

Systems, Test Voltage.6361 (/) 

— Per Cent Drop.6050 Note 

— Primary Winding.6020, 6021 

■— Ratio of. 6033, 8034 

— Rating of. 6221 

— Reactance Drop.6391 (a) (6) 

— Regulation of.6391 

— Relation between Three-Phase and 

Six-Phase Windings...6418 (6) 

-— Secondary Winding.. .6020, 6021 

— Single-Phase, Location of Hi Lead. 6408 
—■ Single Phase, Parallel Operation... .6409 

-— Polarity...6407 

-Order of Numbering Leads 

in any Winding. .6405 

— Single-Phase Relation of Order of 

Numbering Leads of Different 

Windings.... 6406 

—. Six-Phase, Markings of Leads___6417 

— Star Connection, Test Voltage.6360 

— Stray Load Losses... 6337 

— Temperature Correction for Cool¬ 

ing After Shut-Down.6320 (c) 
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SECTION 

Transformer Temperature Measure 

meats of.,,.,6320 (a) (c) 

— Test Voltage.8310,8311 

— Testing by Induced Voltage.6362 

— Three-Phase, Interphase Connec¬ 

tions Made Outside of Case.. .6311 

--Location of H 1 Lead.6415 

-Marking of Full Winding 

Leads. 

-- Method of Loading.6317 (c) 

Parallel Operation.6414 

-Relation between High and 

Low - Voltage Windings 

.6411 (a) 

-Tap Leads.6412 to 6419 

-to Six-Phase.6416 

— Turn Ratio.6033 

— Using Class A Insulation, Limiting 

Observable Temperatures and 
Temperature Rises.6201 

— Voltage Ratio,.6034, 8032 

— Volt-Ampere Ratio.6036 

— Water-Cooled, Ambient of.6300 

— Water-Cooled, Temperature.6015 

— Windings.6001 

-Grounded Voltage Tests.6362 

—“ with Graded Insulation.6362 

Transmission Factor.11025 

— Lines, Regulation of.15000 

— System.5030 

Transmitter, Telephone.12302 

— (Telegraphy).12507 

Triplex Cable.0016 

Trolley, Classes of Suspension-6006 (a) 

— Direct Suspension.. 6006 (6) 

— Messenger or Catenary Suspension 

.5000 (c) 

— over Steam Railroad Tracks.6601 

— Supporting Systems.5007 

— Wire..5004 

-Height, Standard.5601 

Trunk.12247 

— Circuit.12248 

Trunked Call...12249 

Tuning.13030 

Turbine, Hydraulic, Regulation of-14002 

— Steam, Fluctuation of.14001 

-Regulation of .14000 

Twin Cable. ®013 

— Wire.201*^ 

Twisted Pair.2^15 

Two-Phase Circuit.. • 3328 

Two-Wire Circuit.12002 

u 

U Equivalent Circuit.12105 

Underground Contact Rail.5003 («) 

Under-Voltage or Low Voltage Pro¬ 
tection...7022 

--— Release.7021 

Unidirectional Illumination.11030 

Unipolar Machine.4028 

Unit, Generator, Regulation of.14003 


SECTION 

Units in Which Rating Shall be Ex¬ 
pressed .4220 to 4223, 6221, 6223 

— Photometric.11067 

Utilization, Coefficient of....11033 

V 

Values, Minimum, of Insulation Re¬ 
sistance. .2382 

Variation Factor. 11034 

— in Alternators.. • • • ^088 

-Prime Movers.14010 

— Range in Illumination. 11035 

Varnished Cambric Insulation, Test 

Voltage.9312 («) 

_Working Temperature 

.9100, 9202 Note 

Varying Field Commutator Motor.4068 

— Speed Motor.4039 

Vector Diagram..3230 

Vector Phase.3222, 3228 

— Quantities,Representation in Print. 3608 

— Representation and Angular Velo¬ 

city.3228 

Velocity, Angular.. • *3228 

_ of Rotation, Symbol and Abbrevia¬ 
tion....3604 

Ventilated Motor, Rise Compared to 

Stand Test..5502 

Ventilating Blower Losses.4343 (6) 

Virtual. 3218 

Visibility..;. 

Voltage, Induced, Testing Trans¬ 
formers by.5362 

— Measurement for Dielectric Tests 

.2359 to 2369 

_in Dielectric Tests of Machines.2359 

— Ratio of Transformer.6034, 8032 

— Regulation..2390 (c). 3535 

— Regulator.5511 

-Contact.6012 

-Induction..6013 

-Magneto.5514 

— Standard Test.2356. 6356 

— Symbols.3604 

—■ Symmetrical.3348 

_ Test, for Dielectric Strength 

..1301 

— Tests, Conditions for.2350 to 2352 

-for Machines.... 1301, 2350 to 2357, 

4358, 4361. 6360 to 6362, 8311, 8312 

— Transformer.3530 

_ _ Tests .2356, 8310 

Volt-JpS;:...3238 

— Ratio of Transformer..6036 

-— Reactive.3246 

Voltmeter, Crest.8004 

— Measurements.2362 

Voltmeters in Dielectric Tests, Use of.. 2359 
Volume Resistivity.9050, 9202 

W 

Water-Cooled Machine.,4047 
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Water Cooled Machinery, Ambient 

Temperature of Reference for 2212 
Water-Cooled Transformer.6300 

— -Ambient Temperature.6300 

-Temperature of.6105 

Watthour M eter.8002 

Wattmeter.8003 

Wave, Crest-Factor of.3266 

— Deviation Factor.3274,4351 

— Distortion Factor.3274, 4351 

— Electromagnetic.13015 

— Equivalent Sine.3260 

— Form.(See Wave Shape) 

-Factor.3270 

— Length Constant.12058 

-Meter.13035 

~ Meter.13035 

— Shape.1200, 2332, (c) 2340, 3212 

— — and Efhciency.2332 (c) 

— — of Test Voltage of Machines.. 2354 

— Sine.3214 

-as Standard... .1200, 2332 (c) 2340 

— — Deviation from.4351 

Weatherproof Cable Stranding. .9400, 9401 

Weight on Drivers.5211 

Windage and Bearing Friction Losses. .4337 


SECTION 

Windage, Railway Motors.5338, 5339 

Winding, High-Voltage and Low- 

Voltage. .6020 

— Primary and Secondary.6021 

Windings, High and Low-Voltage, 

Relation between.6411 

— Meter and Instrument, Tempera¬ 

ture Rise. .8203 

Wire...9000 

— Copper, Tables of ..9203 

— Designation by Diameter or Gage 

Numbers.9200 

— Gages.9200, 9201 

— Half Sizes.9402 Note 

— (or Cable), Messenger.5005 

— Negative.12220 

— Positive. 12220 

— Ring.12219 

— Stranded.9005 

— Tip.12219 

— Trolley.6004 

-Standard Height.5601 


Wires and Cables, Rubber Insulated, 

Thickness of Insulation.9405 

Wires, Bank.12279 
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3. UNITS, MEASUREMENTS AND INSTRUMENTS 


REGULATION OF FREQUENCY FOR MEASUREMENT PURPOSES 
B. H. Smith xl—1921, pp. 426-433 

^ Frequency can be transmitted without any change for practically any 
distance and lends itself as a quantity which can be made proportional 
to a given indication. The purpose of this paper is to consider a number 
of metering systems where the frequency of a circuit is controlled in 
order to transmit an electrical condition to a remote point and to bring 
out the adaptability of this quantity for such purposes. 

Discussion, pages 434-438, by Messrs. J. R. Craighead, C. F. Scott 
W. H. Pratt, B. H. Smith. 

MEASUREMENT OF RELATIVE EDDY CURRENT LOSSES IN STRANDED CABLES 
James A. Cook Vol. xl—1921, pp. 439-446 

Description of a method which will provide accurate measurements 
of eddy current losses on a comparative basis. The method represents 
the accumulated experience of the Test Dept, of the N. Y. Edison Com- 
pany. 

Discussion, pages 447-449, by Messrs. J. B. Whitehead, R. W. Atkinson, 
F. V. Magalhaes, J. A. Cook. 

THE LIMITATIONS OF THE STOP WATCH AS A PRECISION INSTRUMENT 
A. L. Ellis Vol. xl—1921, pp. 479-502 

Several types of watches are discussed to illustrate the sources and 
character of errors due to principle of operation, mechanical restrictions 
and design. . The errors due to these sources entirely mask those known 
as “isochronal” and “thermal” which are therefore not considered. 

Discussion, pages 503-507, by Messrs. V. Karapetoff, H. M. Smith, 
W. J. Hammer, L. M. Potts, A. L. Ellis. 


4. INSULATION AND DIELECTRIC PHENOMENA 

THE MAXIMUM SAFE OPERATING TEMPERATURE OF LOW-VOLTAGE 
PAPER-INSULATED CABLES 

W. A. Del Mar Vol. xl—1921, pp. 97-106 

The Standards of the Institute state that for low-voltage cables the 
maximum safe operating temperature is 85 deg. cent. Experiments 
show that continuous operation of 100 deg. cent, for less than a month, 
seriously impairs the mechanical condition of impregnated paper. A 
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standard of permissible mechanical condition should, therfore, be estab¬ 
lished, if such high temperatures are to be allowed. Operation at higher 
temperatures than allowed by present Standards is, however, in the nature 
of a gamble and it is questionable whether the Standards should take 
cognizance of it. 

Discussion incorporated with that of paper by L. L. Elden on ‘'Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 

PERMISSIBLE OPERATING TEMPERATURES OF IMPREGNATED PAPER 
INSULATION IN WHICH DIELECTRIC STRESS IS LOW 
Philip Torcbio Vol. xl-~1921, pp. 107-129 

The writer reviews the effect of temperature on insulating materials, 
abstracting from the 1913 Steinmetz and Lamme report, and the 1905 
British Engineering Standards Committee tests. Then he gives surveys 
of loW“tension cables in large distributing systems, and special tests on 
cables including sheath cracking, high temperature tests, effect of bending 
on cables heated at high temperatures, distillation of cable compounds, 
ambient temperatures in subway ducts as affected by thermal conductivity 
of concrete, amount of moisture in soil, different arrangements of ducts 
and load facJ:ors at which the cables are operated. 

From this review, conclusions are derived that the permissible operating 
temperatures are to be a function of the load factors at which the cables 
operate. 

Discussion incorporated with that of paper by L. L. Elden on “Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 


PERMISSIBLE OPERATING TEMPERATURES OF IMPREGNATED PAPER 
INSULATION IN WHICH THE DIELECTRIC STRESS IS LOW 
D. W. Roper Vol. xi—1921, pp. 131-136 

Chicago experience and practise. 

Discussion incorporated with that of paper by L. L. Elden on “Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 


NOTES ON THE EFFECT OF HEAT ON IMPREGNATED PAPER FROM 
CABLE INSULATION 

W. S. Clark xl~1921, pp. 137-141 

The results of tests made to determine at what temperature marked 
deterioration in the paper of impregnated paper cables took place. 

Discussion incorporated with that of paper by L. L. Elden on “Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 
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THE EFFECT OF HEAT ON PAPER INSULATION * 

H. W. Fisher and R. W. Atkinson Vol. xl—1921, pp. 143-166 

A discussion is given in detail of the mechanical properties of paper 
especially as influenced by drying, heating, and impregnating. Tests 
for measuring the changes due to these causes are discussed. A measure¬ 
ment of tearing resistance is found to be satisfactory and two machines 
for this purpose are described. Measurements are given of rate of deteri¬ 
oration of paper at different temperatures. The relation of these data to 
allowable operating temperature is considered. 

The rapid increase of deterioration with temperature is shown. 

Discussion incorporated with that of paper by L. L. Elden on "Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 

PERMISSIBLE OPERATING TEMPERATURES OF IMPREGNATED PAPER 
• INSULATION IN WHICH THE DIELECTRIC STRESS IS LOW 
L. L. Elden Vol. xl—1921, pp. 167-176 

Practise in connection with low-voltage cables including data over a 
ten year period. 

Discussion (including that of papers by W. A. Del Mar, P. Torchio, 
D. W. Roper, W. S. Clark, and H. W. Fisher and R. W. Atkinson), pages 
177-203, by Messrs. F. M. Farmer, G. B. Shanklin, E. B. Meyer, W. I. 
Middleton, W. A. Del Mar, C, A. Adams, H. R. Woodrow, P. H. Chase, 
R. J. Wiseman, W. Maver, Jr., A. E. Kennelly, F. D. Newbury, H. C. 
Dean, D. C. Jackson, P. Torchio, D. W. Roper, H. W. Fisher, R. W. At¬ 
kinson, and L. L. Elden. 

A general discussion. 

MODERN PRODUCTION OF SUSPENSION INSULATORS 
Edwin H. Fritz and G. 1. Gilchrest ' Vol. xl—1921, pp. 1127-1153 

This paper pictures the progress made during the past few years in 
the production of electrical porcelain. The information covers: First: 
The engineering and works organization. Second: The manufacture. 
Third: Design and test. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

A SOLUTION OF THE PORCELAIN INSULATOR PROBLEM 
E. E. F. Creighton and F. L. Hunt Vol. xl—1921, pp. 1173-1180 

A description of tests to which insulators were subjected in order to 
determine main causes of failure. Particular emphasis is laid upon the 
following factors: mechanical strength; electrical tests; line testing; 
aging of porcelain; open porosity of porcelain, etc. 

Discussion incorporated with that of paper by Whitehead and Lee on 
‘Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 
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the electric strength of air under continuous potentials and 
AS influenced by temperature 

J.B. Whitehead and F.W. Lee - Vol. xl-1921, pp. 1201-1237 

The paper describes a series of experiments on the influence of tempera¬ 
ture on corona-forming continuous potentials. The observations have 
n o^QQ^diameters 0.0251 cm., 0.0803 cm., and 
cm., and in each case at several values of temperature within the 
ran^ , eg. cent, and 70 deg. cent. At each temperature the pressure 
has been varied from a value in the neighborhood of that of the atmosphere 
downwards, reaching m the extreme cases the value 6.03 cm. of mercury. 
Within the range of values reached, as indicated above, the general 
* 1 .*” ° corona as developed experimentally by a number of 

other observers, is found to be fulfilled. There are separate families of 
curves for positive and negative potentials as obtained by varying the 
pressure for each constant value of temperature. 

TTif (including that of papers by Imlay, Bailey, Baum, Lewis, 

Iden, Pntz and Gilchrest, Peek, Creighton and Hunt, P ters and Sfeinner) 
pages, 1238-1308, by Messrs. W. I. Slichter, L. P. Perris, B. Speed, P. W. 

Fortescue, H. J. Ryan, J. T. Barron, H. 
W. Smith A. 0. Austin, K. A. Hawley, R. H. Marvin, G. I. Gilchrest, 
E. E. F. Creighton, A. W. Copley, L. H. Burnham, J. P. Jollyman, S. 

u' R. Summerhayes, J. H. Foote, G. Cameron, 

2' ^^cCurdy, D. I. Cone, J. B. Whitehead, R. J. C. Wood, 

H. Michener, R. Bailey, P. G. Baum, W. W. Lewis. 


5. ELECTRIC CONDUCTORS 


the maximum safe operating temperature of low-voltage 
paper-insulated cables 


w. A. Del Mar 


Vol. xl—1921, pp. 97-105 


The Standards of the Institute state that for low-voltage cables the 
rnaximum safe operating temperature is 85 deg. cent. Experiments 
show that continuous operation of 100 deg. cent, for less than a month, 
seriously impairs the mechanical condition of impregnated paper. A 
standard of permissible mechanical condition should, therefore, be estab¬ 
lished, if such high temperatures are to be allowed. Operation at higher 
temperatures than allowed by present Standards is, however, in the nature 
of a gamble and it is questionable whether the Standards should take 
cognizance of it. 


Discussion incorporated with that of paper by L. L. Elden on ''Per- 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.*’ 


PERMISSIBLE OPERATING TEMPERATURES OF IMPREGNATED PAPER 
INSULATION IN WHICH DIELECTRIC STRESS IS LOW 


Philip Torchio 


Vol. xl—1921, pp. 107-129 


The writer reviews the effect of temperature on insulating materials, 
abstracting from the 1913 Steinmetz and Lamme report, and the 1905 
British Engineering Standards Committee tests. Then he gives surveys 
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of low-tension cables in large distributing systems, and special tests on 
cables including sheath cracking, high temperature tests, effect of bending 
on cables heated at high temperatures, distillation of cable compounds 
ambient temperatures in subway ducts as affected by thermal conductivity 
of concrete, amount of moisture in soil, different arrangements of ducts 
and load factors at which the cables are operated. 

Prom this review, conclusions are derived that the permissible operating 
temperatures are to be a function of the load factors at which the cables 
operate. 

Discussion incorporated with that of paper by L. L. Elden on “Per- 
Opeiating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 


PERMISSIBLE OPERATING TEMPERATURE'S OF IMPREGNATED PAPER 
INSULATION IN WHICH THE DIELECTRIC STRESS IS LOW 


D. W. Roper 


Vol. xl—1921, pp. 131-136 


Chicago experience and practise. 

Discussion incorporated with that of paper by L. L. Elden on “Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 


NOTES ON THE EFFECT OF HEAT ON IMPREGNATED PAPER FROM CABLE 

INSULATION 

W. S. Clark xl—1921, pp. 137-141 

The results of tests made to determine at what temperature marked 
deterioration in the paper of impregnated paper cables took place. 

Discussion incorporated with that of paper by L. L. Elden on “Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric vStress is Low.” 


THE EFFECT OF HEAT ON PAPER INSULATION 
H. W. Fisher and R. W. Atkinson Vol. xl—1921, pp. 143-166 

A discussion is given in detail of the mechanical properties of paper 
especially as influenced by drying, heating, and impregnating. Tests 
for measuring the changes due to these causes are discussed, A measure- 
.ment of tearing resistance is found to be satisfactory and two machines 
for this purpose are described. Measurements are given of rate of deteri¬ 
oration of paper at different temperatures. The relation of these data to 
allowable operating temperature is considered. 

The rapid increase of deterioration with temperature is shown. 

Discussion incorporated with that of paper by L. L. Elden on “Per¬ 
missible Operating Temperatures of Impregnated Paper Insulation in 
Which the Dielectric Stress is Low.” 
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PERMISSIBLE OPERATING TEMPERATURES OF IMPREGNATED PAPER 
INSULATION IN WHICH THE DIELECTRIC STRESS IS LOW 
L. L. Elden Vol. xl—1921, pp. 167-176 

Practise in connection with low-voltage cables including data over a 
ten year period. 

Discussion (including that of papers by W. A. Del Mar, P. Torchio, 
D. W. Roper, W. S. Clark, and H. W. Fisher and R. W. Atkinson), pages 
177-203, by'Messrs. P. M. Farmer, G. B. Shanklin, E. B. Meyer, W. I. 
Middleton, W. A. Del Mar, C. A. Adams, H. R. Woodrow, P. H. Chase, 

R. J. Wiseman, W. Maver, Jr., A. E. Kennelly, P. D. Newbury, H. C. 
Dean, D. C. Jackson, P. Torchio, D. W. Roper, H. W. Fisher, R. W. At¬ 
kinson, and L. L. Elden. 

A general discussion. 

HEAT LOSSES IN THE CONDUCTORS OF ALTERNATING-CURRENT MACHINES 
Waldo V. Lyon * Vol. xl—1921, pp. 1361-1396 

The principal object of this paper is to show how hyperbolic functions 
of complex angles may be applied to the solution of the problem of heat 
losses in rectangular conductors that are embedded in open slots. A 
certain knowledge of the functions them elves is presupposed. Inasmuch 
however, as they are handled like trigonometric functions of real angles— 
except in regard to the plus and minus signs—it is a simple matter to 
acquire the requisite technical skill to use them. 

Since the present paper was written, the author has extended the method 
to the solution of the problem in which the conductors have a finite number 
of strands separated by insulation. 

Discussion (including that of papers by Henningsen, Speed and Elmen), 
pages 1396-1409, by Messrs. Wm. J. Foster, F. G. Baum, W. Fondiller, 
H. L. Hibbard, G. Semenza, C. A. Copley, W. E. Thau, P. P. Ashworth, 

S. P. Grace, A. M. MacCutcheon, H. W. Taylor, E. S. Henningsen. 


6. MAGNETIC PROPERTIES AND TESTING OF IRON 

HYSTERESIS EFFECTS WITH VARYING SUPERPOSED MAGNETIZING FORCES 
W. Fondiller and W. H. Martin Vol. xl—1921, pp. 553-579 

The hysteresis effects discussed in this paper occur when magnetic 
fields are produced in iron by electrical circuits carrying simultaneously 
currents of different frequencies, as in composited circuits carrying tele¬ 
phone and telegraph circuits over the same wires. 

Discussion^ pages 580-587, by Messrs. M. I. Pupin, C. W. Burrows, 
B. A. Behrend, W. Fondiller, W. H. Martin. 

MAGNETIC PROPERTIES OF COMPRESSED POWDERED IRON 
Buckner Speed and G. W. Elmen Vol. xl—1921, pp. 1321-1369 

This paper describes a new magnetic material which is peculiarly suited 
to the construction of cores in small inductance coils and transformers 
such as are used in a telephone plant. The material which was developed 
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to meet these requirements is formed by fine grains of powdered iron, 
insulated and compressed. There is described the circumstances and 
experiments which led to this development and also the method of com¬ 
mercial production. Tables and curves are given showing the magnetic, 
electrical and mechanical properties of the material. 

Discussion incorporated with that of paper by Waldo V. Lyon on 
"Heat Losses in the Conductors of Alternating-Current Machines.” 


8. TRANSFORMERS 

TRANSFORMERS FOR INTERCONNECTING HIGH-VOLTAGE TRANSMISSION 

SYSTEMS 

For Feeding Synchronous Condensers from a Tertiary Winding 
J. F. Peters and M. E. Skinner Vol. xl—1921, pp. 1181-1199 

Owing to the advantages to be realized from the use of the star-star 
connection in interconnecting high-voltage transmission systems and from 
the fact that this connection requires the use of an auxiliary winding 
connected in delta to stabilize the neutral point or to decrease the induc¬ 
tance in the ground connection, a great majority of the transformers 
designed for interconnecting transmission lines are three-winding trans¬ 
formers. Another type of transformer which would be included in this 
general class would be that having an auxiliary winding for feeding a 
synchronous condenser. 

There are a number of important features peculiar to three-winding 
transformers for these classes of service that complicate the design and 
operation to a considerable extent. 

This paper calls attention to these special problems and indicates 
the way in which the design and performance of transformers for these 
classes of service are influenced by them. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

9, ELECTRICAL MACHINERY AND APPARATUS 

THE APPLICATION OF ELECTRIC POWER TO THE RUBBER INDUSTRY 
By the Subcommittee on the Rubber Industry 

oi the Industrial and Domestic Power Committee Vol. xl—1921, pp. 1-37 

' A report designed to increase the efficiency of electric power in the rubber 
industry, the largest individual user of electric power. The report is 
divided into power consumption, power economy, protection of operatives, 
basic operations, motor selection, and recommendations. 

Discussion^ pages 38-53, by Messrs, A. P. Lewis, J. F. Lincoln, B. T. 
Mottinger, H. McFarland, J. H. Vance, W. H. Horton, Jr., C. W. Drake, 
W. S. Scott, E. W. Pilgrim, G. A. Maier, B. H. Cunningham, B, A, Waltz, 
M. Berthold, A. M. MacCutcheon, B. C. Dennison, L. B. Timmermann, 
H. W. Eastwood, P. M. Lincoln, F. H. Oberschmidt, W. E. Date. 
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PRESENT DAY PRACTISE LIMITATIONS OF OIL CIRCUIT BREAKERS 
Subcommittee on Oil Circuits Breakers 

of Protective Devices Committee Vol. xl_1921, pp. 65-60 

The operating requirements and limitations of oil circuit breakers as 
summarized from replies to a questionaire to large operating companies. 

Discussion incorporated with that of paper by P. Torchio on '‘High- 
current Tests on High-Tension Switchgear.” 

HIGH-CURRENT TESTS ON HIGH-TENSION SWITCHGEAR 
Philip Torchio xl~l921, pp. 61-86 

The article describes a series of tests on oil circuit breakers and dis¬ 
connecting switches to determine their strength at brush contacts and 
supports in withstanding the mechanical stresses engendered by the 
magnetic flux due to the flow of large currents of the order of 100,000 
amperes, as may exist at times of short circuits on large systems. Other 
tests were made on current transformers and potential transformer fuses. 

For the first time, a synchronized motion picture machine and an 
oscillograph, were coupled to reproduce the coincident actions of the 
apparatus tested, and the variations of voltage and current in the circuit. 
The tests emphasized the importance of strong locks for disconnecting 
switches. Only single-turn primary-type current transformers and po¬ 
tential transformer fuses with resistance in series, were found adequate 
to give the service requirements. 

Discussion (including that of paper by H. R. Woodrow on “Present 
Day Practise Limitations of Oil Circuit Breakers”), pages 87-96, by Messrs 
P. Junkersfeld, E. P. Peck, N. J. Conrad, N. L. Pollard, E. E. F. Creighton, 
H. E. Trent, W. A. Moore, L. B. Chubbuck, P. Torchio, S. Haar, and 
H. R. Woodrow. 

A general discussion of experience under various conditions of practise. 

SHORT-CIRCUIT CURRENT OF INDUCTION MOTORS AND GENERATORS 
R. E. Doherty and E. T. Williamson Vol. xl—1923, pp. 509-639 

There has been a rather prevailing opinion that a sudden short circuit of 
an induction generator would not cause a serious initial rise in current 
such as occurs in synchronous generators. This has led to the proposal 
of the use of such machines as a partial solution of the short-circuit 
problem on a-c. systems. Theoretical considerations and experimental 
data given in the paper show that, on the contrary, the rise in the induc¬ 
tion generator, just as in the synchronous machine, a serious initial 
rush of current which is limited only by the leakage reactance of the ma¬ 
chine. « 

Discussion, pages 540-551, by Messrs. V. Karapetoff, L. E. Widmark, 
M. I. Pupin, N. S. Diamant, S. Haar, R. E. Doherty. 

DEVELOPMENTS IN CONVERSION APPARATUS FOR EDISON SYSTEMS 
J. F. Barton and J. J. Hambleton Vol. xl—1921, pp. 663-692 

A description of the conditions existing in Edison systems which have 
led to the adoption of various types of converter apparatus. Facts 
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which should be considered in selecting the more suitable type of con¬ 
version apparatus for a particular service. 

Discussion, pages 693-716, by Messrs B. G. Lamme, A. A. Nims, 
F. D. Newbury, A. M. Garrett, R. Bailey, P. Torchio, S. Haar, H. C. 
Albrecht, D. W. Roper, T. T. Hambleton, T. F. Barton. 

COLFAX POWER STATION OF THE DUQUESNE LIGHT COMPANY, PITTSBURGH 
D. L. Galusha and C. W. E. Clarke Vol. xl—1921, pp. 717-748 

Description of the new steam power station of the Duquesne Co., with 
eventual output of 300,000 kw., units 60,000 kw. 

Discussion, pages 749-762, by Messrs. C. S. Cook, G. F. Brown, F. C. 
Hanker, G. G. Bell, C. S. Hershfeld, F. Hodgkinson, W. T. Snyder, 
R. H. Keil, E. C. Stone, W. E. Clarke, D. L, Galusha. 

HYDROELECTRIC DEVELOPMENT AT NIAGARA FALLS 
John L. Harper and J. A. Johnson Vol. xl—1921, pp. 881-923 

This paper traces briefly the progress in power development at Niagara, 
describing particularly recent developments and those to be undertaken 
under recent license granted to the Niagara Falls Power Company. 

Discussion, incorporated with that of paper by W. M. White on “Ad¬ 
vances in the Art of Waterwheel Designs and Settings.” 

ADVANCES IN THE ART OF WATERWHEEL DESIGNS AND SETTINGS 
W. M. White Vol. xl~-1921, pp. 925-963 

Description of waterwheel development. Selection of proper unit 
discussed in detail with relation to speed, speed regulation, runner mate¬ 
rial, draft tubes, shafts and bearings, guide vanes, governors, casings, 
vertical vs. horizontal units, control valves, settings. 

Deiscussion (including that of paper by Harper and Johnson), pages 
964-973, by Messrs. E. A. Pragst, W. M. Moody, W. J. Foster, E. M. Breed, 
J. A. Johnson, W. M. White. 

SYNCHRONOUS MOTORS FOR SHIP PROPULSION 
E. S. Henningsen , Vol. xl—1921, pp. 1309-1319 

A description of the advantages and disadvantages of the synchronous 
motor for propulsion of various types of ships. 

Discussion incorporated with that of paper by Waldo V. Lyon on 
“Heat Losses in the Conductors of Alternating-Current Machines.” 

ELECTRIC AUXILIARIES ON MERCHANT SHIPS 
H. D. Dickinson Vol. xl—1921, pp. 1411-1434 

A discussion of the problem of electrically driven auxiliaries for mer¬ 
chant ships particularly from the economic standpoint and as affected 
by the type of drive of the ship itself. 

Discussion incorporated with that of paper by W. E, Thau on “Electric 
Propulsion of Ships.” 
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ELECTRIC PROPULSION OF SHIPS 


W. E. Thau 


V'ol. xl—1921, pp. 1436-1464 


This paper deals primarily with electric propulsion of ships except 
wherein comparison warrants reference to some other type of drive. 
All classes of ships are considered, divided into two general classes, mer¬ 
chant ships, and war ships. 

Discusswn (including that of paper by Dickinson), pages 1465-1539 
by Messrs. W. L. R. Emmet, C. P. Bailey, W. W. Smith, J. B. Newman 
E. A. Sperry, P, C. Bates, G. H. Jett, G. A. Pierce, C. Rettie, W McClel- 
Anderson, E. A. Stevens, Jr., S. M. Robinson, H. L. Hib¬ 
bard, W. E. Thau, J. K. Robison, H. D. Dickinson. 


11. POWER PLANTS AND CENTRAL STATIONS 

COLFAX POWER STATION OF THE DUQHESNE LIGHT COMPANY, PITTSBURGH 
D. L. Galusha and C. W. E. Clarke Vol. xl-1921, pp. 717-748 

Description of the hew steam power station of the Duquesne Co. with 
eventual output of 300,000 kw. units 60,000 kw. 

Discussion, pages 749-762, by Messrs. C. S. Cook, G. F. Brown P. C. 
Ha^er, G. G. Bell, C. S. Hershfeld, F. Hodgkinson, W. T. Snyder, R. 
H. Keil, E. C. Stone, W. E. Clarke, D. L. Galusha. 


HYDROELECTRIC DEVELOPMENT AT NIAGARA FALLS 
John L. H«per and J. A. Johnson Vol. xl-1921, pp. 881-923 

This paper traces briefly the progress in power development at Niagara, 
describing particularly recent developments and those to be undertaken 
under recent license granted to the Niagara Falls Power Company. 

Discussion, incorporated with that of paper by W. M. White on “Ad¬ 
vances in the Art of Waterwheel Designs and Settings.” 


13. TRANSMISSION LINES 


LONG DISTANCE TRANSMISSION OF ELECTRIC ENERGY 


L. E. Imlay 


Vol. xl—1921, pp. 976-994 


The paper discusses long-distance transmission of electric energy 
dealing with (1) the economic conditions which justify it, (2) the olant 
involved, and (3) the service that may be expected 
^ In dealing with the plant required for long-distance transmission some 

^T ® discussed. A graphic 

method of determining line performance is illustrated by an example 
and some essential data on other lines are given. Right of way, spacing of 
dis'ISed’"^ insulators, high-tension switches and lightning arresters are 
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Service is considered from the viewpoints of, what people demand, 
what perfect service will cost, and the service that may be expected from 
a large interconnected system consisting of steam plants at the mines, 
hydro plants wherever available and local steam plants. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature." 

VOLTAGE AND POWER FACTOR CONTROL OF 66,000-VOLT TRANSMISSION 
LINES CONNECTING TWO GENERATING STATIONS 
Raymond Bailey Vol. xl—192, pp. 995-1016 

' The problem which confronted The Philadelphia Electric Company 
of providing for the control of voltage and power factor of the two 66,000- 
volt transmission lines connecting its Schuylkill and Chester generating 
stations is presented in this paper. 

The comparison made to determine upon the most satisfactory type 
of regulating equipment and the reasons for the selection of three-phase 
induction regulators are given. Data on the performance characteristics 
of the lines, with the induction regulators are included. 

In the discussion of this problem of voltage and power factor control, 
certain conclusions of a more or less fundamental character are brought 
out. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature." 

VOLTAGE REGULATION AND INSULATION FOR LARGE POWER LONG 
DISTANCE TRANSMISSION SYSTEMS 

Frank G. Baum Vol. xl—1921, pp. 1017-1077 

Heretofore the distance to which power could be transmitted has been 
limited. This limitation is now removed by a simple method of loading 
the line with synchronous condensers, so that the current and voltage 
may be kept practically in phase. High power factor and hence high 
efficiency result, and the voltage rises of the system are very much re¬ 
duced, thus reducing insulation strains. 

A standard frequency of 60 cycles is advocated for the national system, 
and 220,000 volts is proposed as standard for extra large-power, long¬ 
distance transmission. The system of regulation proposed will result in 
practically constant voltage at all points of the line at all loads. And power 
may be taken from or supplied to the line at any point, and the power over 
ections of the line or over the entire line may be reversed and the constant 
voltage system maintained. 

A simple diagram is given, and this shows that for a 60-cycle, 220,000- 
volt line, the line-charging current supplies the capacity current required 
for about 0.8 load or 320 amperes load current, and that for larger loads 
the synchronous condensers supply leading and for smaller loads lagging 
current. 
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The problems of the lines insulation are discussed,^ and especial atten¬ 
tion is called to the necessity for low air and leakage resistance stresses. 
Results of a large number of tests are given. 

A new diagram is given which results from analysis of experimental 
data, from which the characteris ics of long insulator strings may be cal¬ 
culated. 

^ Discussion incorporated with that of paper by Whitehead and Lee on 
Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 


SOME TRANSMISSION LINE TESTS 

W. W, Lewis Vol. xl—1921, pp. 1079-1119 

A description of some interesting features of a series of tests on the 
30-cycle 140,000-volt system of the Consumers Power Company in 
western Michigan. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 


NOTES ON OPERATION OF LARGE INTERCONNECTED SYSTEMS 
L. L. Elden xl—1921, pp. 1121-1126 

^ Description of the physical arrangement of connections and the opera¬ 
tion of the interconnected systems of the Boston Edison, the Eastern 
Massachusetts Electric Company and the New England Power Company. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 


TRANSFORMERS FOR INTERCONNECTING HIGH-VOLTAGE TRANSMISSION 

SYSTEMS 

For Feeding Synchronous Condensers from a Tertiary Winding 
J. F. Peters and M. E, Skinner Vol. xl—1921, pp. 1181-1199 

Owing to the advantages to be realized from the use of the star-star 
connection in interconnecting high-voltage transmission systems and from 
the fact that this connection requires the use of an auxiliary winding 
connected in delta to stabilize the neutral point or to decrease the induc¬ 
tance in the ground connection, a great majority of the transformers 
designed for interconnecting transmission lines are three-winding trans¬ 
formers. Another type of transformer which would be included in this 
general class would be that having an auxiliary winding for feeding a 
synchronous condenser. 

There are a number of important features peculiar to three-winding 
transformers for these classes of service that complicate the design and 
operation to a considerable extent. 

This paper calls attention to these special problems and indicates 
the way in which the design and performance of transformers for these 
classes of service are influenced by them. 

Discussion incorporated with that of paper by Whitehead and Lee on 
"Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 
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14. ELECTRIC SERVICE DISTURBANCES AND 
PROTECTION 

PRESENT DAY PRACTISE LIMITATIONS OF OIL CIRCUIT BREAKERS 
Subcommittee on Oil Circuit Breakers of 

Protective Devices Committee Vol. xl—1921, pp. 56-60 

The operating requirements and limitations of oil circuit breakers as 
summarized from replies to a questionaire to large operating companies. 

Discussion incorporated with that of paper by P. Torchio on ‘'High- 
current Tests on High-Tension Switchgear.” 

HIGH-CURRENT TESTS ON HIGH-TENSION SWITCHGEAR 
Philip Torchio Vol. xl—1921, pp. 61-86 

The article describes a series of tests on oil circuit breakers and dis¬ 
connecting switches to determine their strength at brush contacts and 
supports in withstanding the mechanical stresses engendered by the 
magnetic flux due to the flow of large currents of the order of 100,000 
amperes, as may exist at times of short circuits on large systems. Other 
tests were made on current transformers and potential transformer fuses. 

For the first time, a synchronized motion picture machine and an 
oscillograph, were coupled to reproduce the coincident actions of the 
apparatus tested, and the variations of voltage and current in the circuit. 
The tests emphasized the importance of strong locks for disconnecting 
switches. Only single-turn primary-type current transformers and po¬ 
tential transformer fuses with resistance in series, were found adequate 
to give the service requirements. 

Discussion (including that of paper by H. R. Woodrow on “Present 
Day Practise Limitations of Oil Circuit Breakers”), pages 87-96, by Messrs. 
P. Junkersfeld, E. P. Peck, N. J. Conrad, N. L. Pollard, E. E. P. Creighton, 
H. E. Trent, W. A. Moore, L. B. Chubbuck, P. Torchio, S. Haar, and 
H. R. Woodrow. 

A general discussion of experience under various conditions of practise. 

MODERN PRODUCTION OF SUSPENSION INSULATORS 
Edwin H. Fritz and G. I. Gilchrest Vol. xl—1921, pp. 1127-1163 

This paper pictures the progress made during the past few years in 
the production of electrical porcelain. The information covers: First: 
The engineering and works organization. Second: The manufacture. 
Third: Design and test. 

incorporated with that of paper by Whitehead and Lee on 
“Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

VOLTAGE AND CURRENT HARMONICS CAUSED BY CORONA 
F. W. Peek, Jr. Vol. xl—1921, pp. 1165-1172 

The results of an investigation made to study the effects of corona in 
producing voltage and current harmonics in transmission systems. 

incorporated with, that of paper by Whitehead and Lee on 
“Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 
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A SOLUTION OF THE PORCELAIN INSULATOR PROBLEM 

E. E. F. Creighton and F. L. Hunt ,, , , ... 

Vol. xl—1921. pp. 1173-1180 

A description of tests to which insulators were subjected in order to 

following factors: mechanical strength; electrical tests; line testing¬ 
aging of porcelain; open porosity of porcelain etc 

‘‘E?eXrsTrSr7 Whitehead and Lee on 

. by TemperatuS-- Continuous Potentials and as Influenced 

16. CONTROL, REGULATION AND SWITCHING 

developments in CONVERSION APPARATUS FOR EDISON SYSTEMS 
T. F. Barton and T. T. Hambleton 

led^tfthTSnn? “ Edison systems which have 

adoption of various types of converter apparatus Pacts 

?rs on ^ “-^ered in selecting the more suitable tyS of com 

version apparatus for a particular service 

Discussion, pages 693-716. by Messrs' B. G. Lamme A. A. Nims 
P. D. Newbury, A. M. Garrett, R. Bailey, P Torchio S Haar H p' 

, Albrecht, D. W. Roper. T. T. Hambleton, T. P.^Bartom 

LONG DISTANCE TRANSMISSION OF ELECTRIC ENERGY 

L. E. Imlay 

Vol. xl—1921, pp. 976-994 

derw '°^r‘l'®tance transmission of electric energy 

dealing with (1) the economic conditions which justify it (2) the olant 
. involved, and (3) the service that may be expected. ^ ^ 

of required for long-distance transmission some 

metho/l affect the design are discussed. A graphic 

od of determining line performance is illustrated by an example 
d some essential data on other lines are given. Right of way, spacing of 
dis'ISed”^ insulators, high-tension switches and lightning arresters we 

the viewpoints of, what people demand 

^ consisting of steam plants at the mines, 

hydro plants wherever available and local steam plants 

that of paper by Whitehead and Lee on 
b^TempeSturS- ^ Continuous Potentials and as Influenced 

VOLTAGE AND POWER FACTOR CONTROL OF 66.000-VOLT TRANSMISSION 
lines CONNECTING TWO GENERATING STATIONS 

Raymond Bailey tt , , 

Vol. xl—1921, pp. 996-10i5 

^ The problem which confronted The Philadelphia Electric Companv 

voltage and power factor of the two 66 000- 
volt transmission lines connecting its Schuylkill and Chester generating 
stations IS presented in this paper. generating 
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The comparison made to determine upon the most satisfactory type 
of regulating equipment and the reasons for the selection of three-phase 
induction regulators are given. Data on the performance characteristics 
of the lines, with the induction regulators are included. 

In the discussion of this problem of voltage and power factor control, 
certain conclusions of a more or less fundamental character are brought 
out. 

Discussion incorporated with that of paper by Whitehead and Lee on 
' Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

, VOLTAGE REGULATION AND INSULATION FOR LARGE POWER LONG 
DISTANCE TRANSMISSION SYSTEMS 

Frank G. Baum Vol. xl—1921, pp. 1017-1077 

Heretofore the distance to which power could be transmitted has been 
limited. This limitation is now removed by a simple method of loading 
the line with synchronous condensers, so that the current and voltage 
may be kept practically in phase. High power factor and hence high 
efficiency result, and the voltage rises of the system are very much re¬ 
duced, thus reducing insulation strains. 

A standard frequency of 60 cycles is advocated for the national system, 
and 220,000 volts is proposed as standard for extra large-power, long¬ 
distance transmission. The system of regulation proposed will result in 
practically constant voltage at all points of the line at all loads. And power 
may be taken from or supplied to the line at any point, and the power over 
sections of the line or over the entire line may be reversed and the constant 
voltage system maintained. 

A simple diagram is given, and this shows that for a 60-cycle, 220,000- 
volt line, the line-charging current supplies the capacity current required 
for about 0.8 load or 320 amperes load current, and that for larger loads 
the synchronous condensers supply leading and for smaller loads lagging 
current. 

The problems of the line insulation are discussed, and especial atten¬ 
tion is called to the necessity for low air and leakage resistance stresses. 
Results of a large number of tests are given. 

A new diagram is given which results from analysis of experimental 
data, from which the characteristics of long insulator strings may be cal¬ 
culated. 

Discussion incorporated with that of paper by Whitehead and Lee on 
“Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 


SOME TRANSMISSION LINE TESTS 

W. W. Lewis Vol. xl—1921, pp. 1079-1119 

A description of some interesting features of a series of tests on the 
30-cycle 140,000-volt system of the Consumers Power Company in 
western Michigan. 

Discussion incorporated with that of paper by Whitehead and Lee on 
“Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 
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NOTES ON OPERATION OF LARGE INTERCONNECTED SYSTEMS 
L. L. Elden ‘ Vol. xl-~1921, pp. 1121-1126 

Description of the physical arrangement of connections and the opera¬ 
tion of the interconnected systems of the Boston Edison, the Eastern 
Massachusetts Electric Company and the New England Power Company. 

Discussion incorporated with that of paper by Whitehead and Lee on 
‘'Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

TRANSFORMERS FOR INTERCONNECTING HIGH-VOLTAGE TRANSMISSION 

SYSTEMS 

For Feeding Synchronous Condensers from a Tertiary Winding 
J. F. Peters and M. E. Skinner Vol. xl—1921, pp. 1181-1199 

Owing to the advantages to be realized from the use of the star-star 
connection in interconnecting high-voltage transmission systems and from 
the fact that this connection requires the use of an auxiliary winding 
connected in delta to stabilize the neutral point or to decrease the induc¬ 
tance in the ground connection, a great majority of the transformers 
designed for interconnecting transmission lines are three-winding trans¬ 
formers. Another type of transformer which would be included in this 
general class would be that having an auxiliary winding for feeding a 
synchronous condenser. 

There are a number of important features peculiar to three-winding 
transformers for these classes of service that complicate the design and 
operation to a considerable extent. 

This paper calls attention to these special problems and indicates 
the way in which the design and performance of transformers for these 
classes of service are influenced by them. 

Discussion incorporated with that of paper by Whitehead and Lee on 
“Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 


19. ELECTRICITY IN THE ARMY AND NAVY 

SYNCHRONOUS MOTORS FOR SHIP PROPULSION 
E. S. Henuingsen Vol. xl—1921, pp. 1309-1319 

A description of the advantages and disadvantages of the synchronous 
motor for propulsion of various types of ships. 

Discussion incorporated with that of paper by Waldo V. Lyon on 
“Heat Losses in the Conductors of Alternating-Current Machines.” 

ELECTRIC AUXILIARIES ON MERCHANT SHIPS 
H. D. Dickinson Vol. xl—1921, pp. 1411-1434 

A discussion of the problem of electrically driven auxiliaries for mer¬ 
chant ships particularly from the economic standpoint and as affected 
by the type of drive of the ship itself. 

incorporated with that of paper by W. E. Thau on “Electric 
Propulsion of Ships.” 




SYNOPTICAL INDEX 


19 


ELECTRIC PROPULSION OF SHIPS 

W. E. Thau Vol. xl—1921, pp. 1435-1464 

This paper deals primarily with electric propulsion of ships except 
wherein comparison warrants reference to some other type of drive. 
All classes of ships are considered, divided into two general classes, mer¬ 
chant ships, and war ships. 

Discu sion (including that of paper by Dickinson), pages 1465-1439, 
by Messrs. W. L. R. Emmet, C. F. Bailey, W. W. Smith, J. B. Newman, 
E. A. Sperry, F. C. Bates, G. H. Jett, G.'A. Pierce, C. Rettie, W. McClel¬ 
land, E. H. B. Anderson, E. A. Stevens, Jr., S. M. Robinson, H. L. Hib¬ 
bard, W. E. Thau, J. K. Robison, H. D. Dickinson. 


20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 

THE APPLICATION OF ELECTRIC POWER TO THE RUBBER INDUSTRY 

By the Subcommittee on the Rubber Industry 

of the Industrial and Domestic Power Committee Vol. xl—1921, pp. 1-37 

A report designed to increase the efficiency of electric power in the rubber 
industry, the largest individual user of electric power. The report is 
divided into power consumption, power economy, protection of operatives, 
basic operations, motor selection, and recommendations. 

Discussion, pages 38-53, by Messrs, A. P. Lewis, J. F. Lincoln, B. T. 
Mottinger, H. McFarland, J. H. Vance, W. H. Horton, Jr., C. W. Drake, 
W.S. Scott, E. W. Pilgrim, G. A. Maier, B. H. Cunningham, B. A. Waltz, 
M. Berthold, A. M. MacCutcheon, B. C. Dennison, L. B, Timmermann, 
H. W. Eastwood, P. M. Lincoln, F. H. Oberschmidt, W. E. Date. 

REGULATION OF FREQUENCY FOR MEASUREMENT PURPOSES 
B. H. Smith Vol. xl—1921, pp. 426-433 

Frequency can be transmitted without any change for practically any 
distance and lends itself as a quantity which can be made proportional 
to a given indication. The purpose of this paper is to consider a number 
of metering systems where the frequency of a circuit is controlled in 
order to transmit an electrical condition to a remote point and to bring 
out the adaptability of this quantity for such purposes. 

Discussion, pages 434-438, by Messrs. J. R. Craighead, C. F. Scott, 
W. H. Pratt, B. H. Smith. 

SYNCHRONOUS MOTORS FOR SHIP PROPULSION “ 

E. S. Henningsen . Vol. xl—1921, pp. 1309-1319 

A description of the advantages and disadvantages of the synchronous 
motor for propulsion of various types of ships. 

Discussion incorporated with that of paper by Waldo V. Lyon on 
“Heat Losses in the Conductors of Alternating-Current Machines.” 
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suggests the use of an electric network with some adjustable members to 
solve curves under analysis. The device described suggests one way in 
which this may be done. 

Discussion, pages 476-478, by Messrs. V. Karapetoff, A. E. Kennedy, 
P. S. Dellenbaugh, Jr. 

THE LIMITATIONS OF THE STOP WATCH AS A PRECISION INSTRUMENT 

Vol. xl-1921, pp. 479-502 

Several types of watches are discussed to illustrate the sources and 
character of errors due to principle of operation, mechanical restrictions 
and design. The errors due to these sources entirely mask those known 
as isochronal ’ and ‘Thermal” which are therefore not considered. 

Discussion, pages 503-507, by Messrs. V. Karapetoff, H. M. Smith, 
W. J. Hammer, L. M. Potts, A. L. Ellis. 

SHORT-CIRCUIT CURRENT OF INDUCTION MOTORS AND GENERATORS 
R. E. Doherty and E. T. Williamson Vol. xl—1921, pp. 509-539 

There has been a rather prevailing opinion that a sudden short circuit of 
an induction generator would not cause a serious initial rise in current 
such as occurs in synchronous generators. This has led to the proposal 
of the use of such machines as a partial solution of the short-circuit 
problem on a-c. systems. Theoretical considerations and experimental 
data given in the paper show that, on the contrary, the rise in the induc¬ 
tion generator, just as in the synchronous machine, a serious initial 
rush of current which is limited only by the leakage reactance of the ma¬ 
chine. 

Discussion, pages 540-551, by Messrs. V. Karapetoff, L. E. Widmark, 
M. I. Pupin, N. S. Diamant, S. Haar, R. E. Doherty. 

HYSTERESIS EFFECTS WITH VARYING SUPERPOSED MAGNETIZING FORCES 
W. Fondiller and W. H. Martin Vol. xl—1921, pp. 553-579 

The hysteresis effects discussed in this paper occur when magnetic 
fields are produced in iron by electrical circuits carrying simultaneously 
currents of different frequencies, as in composited circuits carrying tele¬ 
phone and telegraph circuits over the same wires. 

Discussion, pages 580-587, by Messrs. M. I. Pupin, C. W. Burrows, 
B. A. Behrend, W. Fondiller, W. H. Martin. 

LONGITUDINAL AND TRANSVERSE HEAT FLOW IN SLOT-WOUND 
ARMATURE COILS 

Carl J. Fechheimer Vol. xl—1921, pp. 589-646 

A general determination of the internal temperature of a machine 
cannot be obtained with any reasonable degree of accuracy (except the 
maximum and minimum temperatures in long machines) unless the 
simultaneous transverse and longitudinal heat flow be considered. A 
solution of that problem is offered in this paper. 

Discussion, pages 646-661, by Messrs. M. A. Savage, R. B. Williamson, 
B. A. Behrend, C. Hering, G. E. Luke, C. J. Fechheimer. 
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PERSONAL OBSERVATIONS IN THE INDUSTRY 


Arthur W. Berresfdrd 


President’s Address 


Vol. xl—1921, pp. 763-777 


No discussion. 


TECHNICAL COMMITTEE REPORTS 

Vol. xl—1921, pp- 779-879 

No discussion. 

ADVANCES IN THE ART OF WATERWHEEL DESIGNS AND SETTINGS 
W* M. White Vol. xl^l921, pp. 926-963 

Description of waterwheel development. Selection of proper unit 
discussed in detail with relation to speed, speed regulation, runner rnate- 
rial, draft tubes, shafts and bearings, guide vanes, governors, casings, 
vertical vs. horizontal units, control valves, settings. 

Discussion (including that of paper by Harper and Johnson), pages 
964-973, by Messrs. E. A. Pragst, W. M. Moody, W. J. Foster, E. M. Breed, 

J. A. Johnson, W. M. White. 

MODERN PRODUCTION OF SUSPENSION INSULATORS 
Edwin H. Frit 2 and G. I. Gilchrest Vol. xl—1921, pp. 1127-1153 

This paper pictures the progress made during the past few years in 
the production of electrical porcelain. The information covers: First: 
The engineering and works organization. Second: The manufacture. 
Third: Design and test. 

Discussion incorporated with that of paper by Whitehead and Lee on 
Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

A SOLUTION OF THE PORCELAIN INSULATOR PROBLEM 
E. E. F. Creighton and F. L. Hunt Vol. xl—1921, pp. 1173-1180 

A description of tests to which insulators were subjected in order to 
determine main causes of failure. Particular emphasis is laid upon the 
following factors: mechanical strength; electrical tests; line testing; 
aging of porcelain; open porosity of porcelain,, etc. 

Discussion incorporated with that of paper by Whitehead and Lee on 
“Electric Strength of Air Under Continuous Potentials and as Influenced 
by Temperature.” 

THE ELECTRIC STRENGTH OF AIR UNDER CONTINUOUS POTENTIALS 
AND AS INFLUENCED BY TEMPERATURE 
J. B. Whitehead and F. W. Lee Vol. xl—1921, pp. 1201-1237 

The paper describes a series of experiments on the influence of tempera¬ 
ture on corona-forming continuous potentials. The observations have 
been made on three sizes of wire of diameters 0.0251 cm., 0.0803 cm., and 
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0 093 cm., and in each case at several values of. temperature within the 
range 5 deg. cent, and 70 deg. cent. At each temperature the pressure 
has been varied from a value in the neighborhood of that of the ^t^osp er 
downwards, reaching in the extreme cases the value 6.03 cm. 

Within the range of values reached, as indicated abov , g 
form of the law of corona as developed experimentally by a number of 
other observers, is found to be fulfilled. There f 

curves for positive and negative potentials as obtained by varying the 
pressure for each constant value of temperature. . 

Discussion (including that of papers by ^ 

Elden Fritz and Gilchrest, Peek, Creighton and Hunt, Peters and Skinny) 

?Sm 138.1308, by M.ssb,. W. I. SKcht.r, I., f Jem. B, Sp.rf P. W. 

Peek, Jr., M. E. Skinner, C. L. Fortescue H J. Ryan, J'® ' 

W Smith, A. O. Austin, K. A. Hawley, R. H. Marvin, G. I. Gilchrest, 
■p F P Creiehton A. W. Copley, L. H. Burnham, J. P. Jollyman, S. 
Barfoedi A. H. Lawton, H. R. Summerhayes, ^ H- F°°te, G Cat^ron, 
H. L. Wallau, R. G. McCurdy, D. I. Cone, J. B. Whitehead, R. J. C. Wood, 
H.'Miohener, R. Bailey, F. G. Baum, W. W. Lewis. 

HEAT TOSSES IN THE CONDUCTORS OF ALTERNATING-CURRENT MACHINES 


Waldo V. Lyon 


Vol. xl—1921, pp. 1361-1395 


The principal object of this paper is to show 
of complex angles may be applied to the A 

SrTahtoStoTth^^^^^^ 

,„?.iwro“heVob..~in.bieh,b.co.d«^^^^ 

iQQft lAno hv Messrs Wm. J. Foster, F. G. Baum, w. ronaiuci, 

r? HiSid i c. A. Copley. W, E. The. P. P. A.hworth, 

S.'t Grace, A. M. M.cC.tcheon, H. W. Taylor, E. S. H.anmgsen. 
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